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The phenomenon of cold-induced vasodilatation (CIVD) was discovered by Sir Thomas Lewis 
(1930) and has been extensively investigated as it is involved in protecting against local cold-
induced injury. The mechanisms underlying this well-established protective response remain 
unclear. The non-selective cation channel, transient receptor potential ankyrin-1 (TRPA1) is 
expressed in a subset of sensory neurons and acts as a polymodal membrane channel for cold 
sensitivity, but this remains a controversial issue in the literature. Additionally, the role of 
TRPA1 as a vascular cold sensor is currently unknown.  Previous studies in our group have 
shown that TRPA1 plays an important role in regulating peripheral blood vessel tone, with little 
information available on the downstream signalling mechanism. The aims of this PhD project 
were to investigate the effects of TRPA1 activation by an exogenous agonist cinnamaldehyde 
and local cold exposure on peripheral vascular responses in murine skin in vivo.  
Using a combination of pharmacological antagonists and genetically modified mice, topical 
application of cinnamaldehyde (10%) was shown to increase blood flow in a TRPA1-dependent 
manner in the mouse ear model. This response was further shown to be dependent on the release 
of the potent microvascular vasodilator calcitonin gene-related peptide (CGRP), highlighting the 
involvement of a neurogenic component. This study provides novel evidence demonstrating the 
relative contribution of neuronal nitric-oxide synthase (nNOS)-derived nitric oxide and reactive 
oxygen species, downstream of TRPA1 activation by cinnamaldehyde. These findings highlight 
the prominent role of TRPA1 in mediating peripheral vasodilatation. 
The project further progressed to the development and characterisation of a local cold model in 
the mouse hindpaw in vivo. Local cold exposure was shown to cause a rapid and transient 
vasoconstriction, followed by a prolonged vasodilatation phase to return blood flow to baseline, 
an essential physiological function for protecting against local cold-induced injury. The 
activation of TRPA1 in the peripheral vasculature was shown to drive this cold-induced 
vascular response at 10°C. This model enabled the determination of the relative role of 
sympathetic nerves, post-junctional α2-adrenergic receptors and reactive oxygen species in the 
local cold-induced vasoconstriction. This study provides novel evidence showing that local cold 
exposure causes an increase in intracellular superoxide production in a TRPA1-dependent 
manner, which activates the Rho-kinase-mediated pathways and induces cold-induced α2C-
adrenergic vasoconstriction. The neuropeptide CGRP was subsequently shown to have a 
prominent role in the vasodilator phase. 
This study provide novel evidence of a major involvement of TRPA1 in mediating cold-induced 
vasoconstriction in vivo, with a new perspective of the underlying mechanisms mediating the 





Cinnamaldehyde-induced increase in blood flow in the mouse ear following topical application 
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Chapter 1 – Introduction 
1 Introduction 
The stimulation of primary sensory neurons releases neuropeptides such as substance P and 
calcitonin gene-related peptide (CGRP), which are the main initiators of neurogenic-dependent 
vasodilatation in the peripheral vasculature (Holzer, 1992, Lembeck and Holzer, 1979, Brain et 
al., 1985). Although sensory neurons are known to have a physiological role in maintaining 
vascular haemostasis, the exact mechanism is unknown. The discovery of transient receptor 
potential ankyrin-1 (TRPA1), which is located on 60-75% of transient receptor potentials 
vanilloid-1 (TRPV1) expressing sensory neurons, has dramatically increased our understanding 
of the role of the sensory neurons in mediating vascular responses. Previous studies in our group 
have demonstrated a role of TRPA1 in regulating peripheral blood vessel tone using exogenous 
TRPA1 agonists such as mustard oil and cinnamaldehyde and, the endogenous agonist 4-
oxononenal (4-ONE) via sensory neuropeptide-dependent mechanisms (Grant et al., 2005, 
Pozsgai et al., 2010, Graepel et al., 2011, Fernandes et al., 2011). 
TRPA1 also acts as a polymodal membrane receptor for cold sensitivity (Story et al., 2003). 
Local cold exposure in mammals is known to lead to an initial cutaneous vasoconstrictor 
response, which acts to protect against excessive heat loss, and this is followed by a vasodilation 
phase, which protects against cold-induced injury in the periphery. Although the exact 
underlying mechanisms of this cold phenomenon remains unclear, sensory and sympathetic 
nerves have been proposed to play a prominent role. TRPA1 is activated at low temperatures 
but this remains a controversial issue as there are other cold sensitive TRP channels, such as the 
transient receptor potentials melastatin-8 (TRPM8). It is currently unknown whether TRPA1 
acts a primary vascular cold sensor. Hence, in this study I investigated the vascular effects of 
TRPA1 activation in vivo using an exogenous agonist cinnamaldehyde in the mouse ear model 
and delineated the downstream mechanisms underlying the vasodilator response. Following on 
from this evidence, I further studied the role of TRPA1 as a primary vascular cold sensor by 
developing a local cold model in the mouse hindpaw in vivo and progressed on validating the 
potential protective role of TRPA1 in preventing against cold-induced injury in the peripheral 
vasculature.  
To introduce this subject, this chapter will discuss the role of sensory neurons in mediating 
neurogenic-dependent vasodilatation, the current known vascular effects of TRPA1 and cold-
induced vascular responses.  
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1.1  Innervation of skin vasculature 
Several humoral meditators and the nervous system influence the vasomotor tone of cutaneous 
blood vessels. The sympathetic nervous system (SNS) innervation in the periphery is facilitated 
by pre- and post-ganglionic neurons. The pre-ganglionic neurons are known to originate from 
the thoracolumbar regions of the spinal cord (T1-L2), project to a ganglion such as the superior 
cervical ganglion and synapse with a post-ganglionic neuron which innervate the entire 
periphery (Arunodaya and Taly, 1995). It is well established that cutaneous nerves such as 
efferent autonomic sympathetic nerves and afferent non-adrenergic non-cholinergic (NANC) 
nerves innervating blood vessels can influence the control of skin temperature and blood flow. 
The autonomic nervous system (ANS) is a complex system, which consists of parasympathetic 
and sympathetic nerves that transmit their impulses to the effector via the neurotransmitters 
acetylcholine and noradrenaline/norepinephrine, respectively to respond to the stimuli. This 
response is known to be controlled by feedback and feedforward loops between various regions 
of the brain. The sympathetic division of the ANS is known to form distinct pathways, where 
the neural branch comprising the sympathetic nerve terminals innervate primarily the 
cardiovascular system and the sympathetic adrenal medullary branch releases catecholamines to 
target tissues and organs expressing adrenergic receptors (Kuntz and Hamilton, 1938, Brain, 
1996). 
The NANC nerves include peripheral sensory neurons that are polymodal and are found mainly 
close to the capillaries (Nelms, 1963). They can detect various external stimuli such as 
chemicals, temperature and pressure, and transmit the signal to the dorsal root ganglion (DRG) 
or to the trigeminal ganglia into the spinal cord, where the electrical impulse is then transmitted 
into the brain (ascending pathways). The cell bodies of the DRG produce neurotransmitters, 
neuropeptides and neurotrophic factors which are transported to both peripheral and central 
terminals (Bayliss, 1901).  
1.1.1 Noradrenergic neurons 
Small arteries and arterioles, and arteriovenous anastomoses (AVAs) are supplied with a dense 
innervation of noradrenergic neurons, which also innervate dermal smooth muscle and 
sebaceous glands in the cutaneous beds of fingers and toes (Norberg, 1964, Weihe and 
Hartschuh, 1988). Noradrenaline released from sympathetic nerves is known to be a potent 
vasoconstrictor in the microvasculature and continuous intravenous (i.v.) infusion of 
noradrenaline can lead to intermittent constriction of arterioles, further arresting flow in the nail 
bed capillaries (Greishman, 1954). Noradrenaline is known to stimulate α1-adrenergic receptors 
on vascular smooth muscle cells in the skin, whilst both α1- and α2-adrenergic receptors have 
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been shown to be expressed in the hand vasculature (Coffman and Cohen, 1988). α-adrenergic 
receptors are known to be less sensitive to adrenaline (Ahlquist, 1948). Stimulation of α-
adrenergic receptors of the vessel wall predominantly results in vasoconstriction or vasodilation 
depending on the site of action, whilst stimulation of β-adrenergic receptors leads to 
vasodilatation. Sympathetic neurons can form direct pathways through pre- and post-ganglionic 
nerves in the thoracic and lumbar spine area, which project and secrete acetylcholine locally, or 
to postganglionic motor nerves, and further stimulate noradrenaline activity on receptor sites. 
Apart from a role in vasoactive responses, noradrenaline is involved in cardiovascular effects 
such as increasing heart rate and cardiac contractility. Noradrenaline is known to be synthesised 
from the precursor tyrosine, which is actively transported into the varicosity of the 
postganglionic sympathetic nerve endings and packed into synaptic vesicles to be released 
following an action potential down the nerve endings (Eisenhofer et al., 2004).  
1.1.2 Cholinergic neurons 
Acetylcholine is known to be found in the skin in neuronal sites and endothelial cells 
(Parnavelas et al., 1985). Interestingly, electrical stimulation of the cat foot pad was shown to 
evoke sweat secretion and acetylcholine release in the venous effluent (Dale and Feldberg, 
1934). Although the cholinergic nerve supply to the skin has been reported to be sparse, 
acetylcholinesterase has been shown to be localised with some nerves and acetylcholine 
receptors are found on cutaneous blood vessels. Hence, this suggests some involvement of 
cholinergic nerves in the cutaneous vasculature (Hurley and Mescon, 1956). Activation of 
parasympathetic nerves is known to result in vasodilatation. Acetylcholine is rapidly degraded 
and recycled and hence, investigating the biochemical activity of the parasympathetic nervous 
system branch can be challenging (Hurley and Mescon, 1956). 
1.1.3 Non-adrenergic, non-cholinergic neurons 
Earlier studies in 1880s showed that the nerves originating from the DRG release a vasodilator 
in the peripheral vasculature, in addition to transmitting information to the central nervous 
system (CNS) (Bayliss, 1901). Electrophysiological studies have demonstrated that there are 
different types of cutaneous afferent nerve endings which are encapsulated by a non-neural 
structure or a bare nerve ending, arising from the cell bodies of primary afferent nerve fibres in 
the DRG, and in the nodose and jugular ganglia, and can innervate peripheral tissues including 
cutaneous blood vessels (Perry and Lawson, 1998, Bennett et al., 1996). DRG neurons with 
encapsulated terminals sense the stimulus and mediate touch and pro-nociception, via rapidly 
conducting large-diameter, myelinated (Αα or Αβ) axons to the spinal cord, whilst DRG 
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neurons with bare nerve endings mediate painful or thermal sensations via slowly conducting 
small-diameter, unmyelinated (C-fibres afferents) or thinly myelinated (Αδ-fibres afferents) 
axons to the spinal cord. The proportions of C-, Αδ- and Αβ-fibres innervating the skin vary (70, 
10 and 20%, respectively) and all three types of fibres can transmit non-nociceptive information 
under normal conditions. On the other hand, C- and Αδ-fibres can transmit nociceptive 
information (Millan, 1999).  
There are different classes of Αδ- and C-fibres, and their characterisation has been reported to 
be complicated by several factors such as (1) terminological inconsistencies, (2) species 
differences and (3) glabrous or non-glabrous skin (Millan, 1999).  There are two types of Αδ-
fibres; type I Αδ-fibres consist of high threshold, rapidly-conducting mechanoreceptors that 
respond weakly to high intensity heat and cold stimuli (Treede and Magerl, 1995), whilst type II 
Αδ-fibres display a lower threshold to noxious heat stimuli (Treede et al., 1990, Treede et al., 
1991). Type II Αδ-fibres are also more responsive to cooling than mechanical stimuli, as shown 
in studies using positron emission tomography (PET) in human brain (Craig et al., 1996). Upon 
exposure of the skin to a noxious stimulus, Αδ-fibres elicit a rapid first phase of pain which is 
commonly ‘sharp’ in nature and this is followed by a second wave of dull pain, mediated by C-
fibres (Treede et al., 1992).  
C-fibres are classified functionally or anatomically, where functionally they are polymodal and 
can respond to all or a subset of noxious stimuli such as thermal, mechanical and chemical 
(Caterina and Julius, 2001). Anatomically, one population of C-fibres is known to be regulated 
by nerve growth factor (NGF) and constitutively synthesises the neuropeptides CGRP and 
substance P, whilst the other population is non-peptidergic, with binding sites for the isolectin 
B4 (IB4). However, there is now evidence showing that IB4-positive neurons can also express 
CGRP and substance P, but the functional relevance of this finding is unknown (Hwang et al., 
2005). The role of C-fibres in mediating the ‘axon-flare response’ is a component of neurogenic 
inflammation following nerve injury and has been widely documented (Schmidt et al., 1995, 
Lewis, 1927). Neurogenic inflammation is characterised by neuropeptide-induced oedema 
formation, increase in blood flow and recruitment of inflammatory cells (Jancso et al., 1967). 
Earlier studies by Lewis showed that skin injury leads to (1) antidromic stimulation of sensory 
neurons with cutaneous vasodilatation, also known as an ‘axon reflex flare’, and (2) 
orthodromic stimulation of sensory neurons where there is orthodromic transmission of 
impulses to the spinal cord via connecting nerves to adjacent skin (Lewis, 1927). The role of 
sensory neurons in mediating antidromic stimulation was also shown by Jancso (1940) using the 
pungent extract of hot chilli peppers, capsaicin (Jancso et al., 1967). Capsaicin has been widely 
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used as a pharmacological tool to study sensory nerves and their contribution to neurogenic 
inflammation. Antidromic stimulation of sensory neurons consists of local depolarisation of the 
neuronal terminal and axon reflexes to evoke neuropeptide release which causes cutaneous 
vasodilatation (Jancso et al., 1967), leading to neurogenic inflammation. This vasodilator 
response was shown to be abolished by removal of afferent nerves from the dorsal root, causing 
degeneration of the peripheral nerve fibres rather than the disruption of the dorsal root between 
the ganglia and the spinal cord (Bayliss, 1901).  
Langley (1923) and Lewis (1927) studied the physiological role of the antidromic vasodilation, 
which is described by three cardinal signs of inflammation termed as the ‘triple response’ which 
includes (1) redness due to local dilation of the minute cutaneous vessels, (2) flare due to 
widespread dilation of neighbouring arterioles and (3) wheal as a result of a local increase in 
blood vessels permeability (Figure 1.2) (Langley, 1923, Lewis, 1927). Following this theory, a 
number of studies focused on identifying the mediators responsible for this response; substance 
P (also called preparation P) and CGRP were later recognised as vasodilators (US and Gaddum, 
1931, Lembeck, 1953, Brain et al., 1985).  It is established that both these neuropeptides are 
localised in the peripheral endings of sensory neurons and stimulation of these neurons can lead 
to their release. This suggests that these mediators are involved in controlling local vascular 
tone and are the main initiators of neurogenic inflammation (Lundberg et al., 1985, Levine et 
al., 1984, Maggi and Meli, 1988, Holzer, 1992).  
1.1.3.1 Calcitonin gene-related peptide 
CGRP is a neuropeptide with 37-amino acid residues and was identified through molecular 
biological studies of the ageing rat (Amara et al., 1982, Amara et al., 1984). Although the 
calcitonin gene encodes for CGRP, alternate messenger ribosomal nucleic acid (mRNA) 
processing of the gene leads to producing CGRP in nervous tissue and calcitonin in the thyroid 
of the healthy subjects (Edbrooke et al., 1985). There are two isoforms of CGRP; α-CGRP and 
β-CGRP which are synthesised from two distinct genes at different sites on chromosome 11 in 
human (Wimalawansa et al., 1990) and share >90% homology with similar biological activities 
(Morris et al., 1984). α-CGRP is thought to be found mainly in the central and peripheral 
nervous system, whilst β-CGRP is more localised in the enteric nervous system (Brain, 1997).  
α-CGRP mRNA expression has been shown to be predominantly expressed in peptidergic 
nerves innervating skin, with little β-CGRP mRNA expression (Mulderry et al., 1988, Noguchi 
et al., 1990). However, there is now evidence using quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) showing that epidermal keratinocytes also express β-
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CGRP, with increased α-CGRP expression in sensory neurons (Hou et al., 2011). The role of β-
CGRP in mediating vascular responses is yet to be investigated.  
CGRP is known to act on CGRP1 and CGRP2 receptors to exert its biological effects, and it is 
important to note that the existence of both receptors have been debated for a number of years. 
It is generally now believed that CGRP-mediated effects are achieved through activation of 
CGRP1 receptors (Dennis et al., 1989, Smillie and Brain, 2011). The CGRP receptor complex 
consists of ligand-binding protein calcitonin receptor-like receptor (CRLR), an accessory 
protein with a single transmembrane-spanning domain named receptor activity-modulating 
protein (RAMP1). RAMP1 is involved in trafficking CRLR to the cell surface membrane and 
produces pharmacological activity.  Lastly, a peripheral membrane accessory protein termed 
CGRP-receptor component (RCP) couples to CRLR /RAMP1 to mediate the cellular signalling 
pathway (Figure 1.1) (Evans et al., 2000, Luebke et al., 1996, McLatchie et al., 1998, Prado et 
al., 2001).  
The mechanisms underlying CGRP-induced responses have been reported to be tissue-specific 
(Brain, 1997). CGRP activates its receptors on arteriolar smooth muscles and endothelial cells 
to cause vasodilatation through endothelium-dependent and endothelium-independent 
mechanisms (Brain and Cox, 2006). The endothelium-independent vasodilator responses to 
CGRP are induced by an increase in intracellular cyclic adenosine monophosphate (cAMP) via 
adenylyl cyclase in vascular smooth muscle cells and cardiomyocytes (Tang et al., 1989). 
cAMP can further phosphorylate protein kinase A (PKA) and open ATP-sensitive potassium 
(KATP) channels, to mediate relaxation, as demonstrated using the KATP channel blocker 
glibenclamide in isolated rabbit mesenteric arteries (Figure 1.2) (Nelson et al., 1990).   
Furthermore, CGRP is known to exert endothelium-dependent vasodilator responses where it 
was demonstrated to have nitric oxide-dependent vasodilator properties in foetal and peripheral 
vascular beds (Thakor and Giussani, 2005). In the presence of the endothelium, there is a 
significant increase in both cAMP and cyclic guanosine monophosphate (cGMP) which may 
lead to the release of nitric oxide from the endothelium (Gray and Marshall, 1992c, Gray and 
Marshall, 1992b), causing a relaxation in smooth muscle cells through soluble guanylyl cyclase 
(sGC) activation and cGMP accumulation (Gray and Marshall, 1992a). CGRP is also known to 
mediate its effects by activating endothelial nitric oxide synthase (eNOS) via the cAMP-PKA 
pathway. 
CGRP has potent dilator properties in cerebral, coronary and kidney vascular beds with 
approximately 10-fold higher potency than prostaglandins and 10-100 fold higher potency than 
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acetylcholine and substance P. Intradermal (i.d.) administration of CGRP into the skin has been 
shown to cause erythema which lasts for 5-6 hours in human skin (Brain et al., 1986). CGRP is 
known to have a prominent role in decreasing blood pressure in both normotensive and 
hypertensive rats, in a nitric oxide-dependent and independent pathway, as shown in peripheral 
arterial vessels (Itabashi et al., 1988). CGRP acts as a vasodilator when given systemically to 
either healthy subjects or cardiovascular disease patients (Gennari and Fischer, 1985, Preibisz, 
1993).  
In terms of the cardiovascular properties of CGRP, basal blood pressure was shown to be 
similar in α-CGRP knockout (KO) and wild-type (WT) mice, which suggests that CGRP may 
not be involved in normal regulation of blood pressure (Lu et al., 1999). However, there are 
conflicting views in the literature depending on the type of α-CGRP KO mice used in these 
studies (Smillie and Brain, 2011). Injection (i.v.) of CGRP has also been shown to cause a 
vasodilator response with positive inotropic and chronotropic responses (Gardiner et al., 1991, 
Ando et al., 1990). Animal and human studies have shown that injection (i.v.) of CGRP causes 
peripheral vasodilation and hypotension (Ganten et al., 1991). This is supported by in vitro 
studies where CGRP causes dilatation of major resistance arterioles (Uddman et al., 1986).   
CGRP receptor peptide antagonists were generated by removing the ring structure at the CGRP 
N-terminus, and have been widely used to understand the role of CGRP and its receptor. The 
peptide fragment CGRP8-37 (Chiba et al., 1989) and the non-peptide compound BIBN4096BS 
(Doods et al., 2000) are two commonly used CGRP receptor antagonists that have been 
characterised in our group to understand the role of CGRP in mediating neurogenic 
inflammation (Grant et al., 2005, Grant et al., 2002, Starr et al., 2008). CGRP8-37 was 
demonstrated to inhibit CGRP-induced vasodilatation in human forearm without affecting 
resting forearm blood flow (Vanmolkot et al., 2006). BIBN4096BS is known to have a greater 
affinity than CGRP8-37 and it was shown to inhibit CGRP-induced cAMP levels, without any 
agonist activity at a concentration up to 10µM (Doods et al., 2000). Both CGRP receptor 
antagonists will be used later on in this project and further discussed to elucidate their role in 
neurogenic-dependent vasodilation in the peripheral vasculature.   
The vasodilator properties of CGRP are well established in the literature. Furthermore, the 
plasma levels of CGRP were shown to be elevated in migraine patients and CGRP receptor 
antagonists may have the potential to be a major advancement in migraine therapy (Salvatore 
and Kane, 2011).  It is generally believed that CGRP is released upon sensory nerve stimulation 
but there is now new evidence showing that non-neuronal cells such as endothelial cells also 
express or release CGRP (Fang et al., 2011). Studies over the last decade has focussed on 
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examining how CGRP is released from the nerve terminals and which receptors are expressed 
on the nerve terminals, to further elucidate the function of CGRP in the vasculature.  
 
 
Figure 1.1 Model for functional CGRP receptor. The CGRP receptor complex consists of the 
seven transmembrane ligand binding protein CRLR, a small single transmembrane protein 
RAMP1 for trafficking and pharmacology and, an accessory protein RCP for coupling to 
cellular transduction pathways. This is mainly through Gαs and AC, resulting in elevating 
cAMP levels. Abbreviations: AC-adenylyl cyclase, cAMP-cyclic adenosine monophosphate, 
CRLR-calcitonin receptor-like receptor, Gαs-Gs protein, Gβγ-Gβ protein RAMP1- receptor 
activity modifying protein 1, RCP-receptor component protein. 
 
1.1.3.2 Substance P 
The stimulation of sensory neurons is also known to release substance P, which belongs to the 
tachykinin family of peptides (Euler and Nilsson, 1931, Chang et al., 1971). Substance P is 
synthesised within the neuronal cell bodies in the DRG (Harmar et al., 1981), and further 
transported via retrograde axonal transport to the release sites at the nerve endings or within the 
dorsal horn of the spinal cord (Reilly et al., 1997). There is evidence showing that CGRP is co-
localised with substance P within the sensory nerves (Ribeiro-da-Silva and Hokfelt, 2000). 
Interestingly, substance P is also found in some sympathetic neurons (Kessler et al., 1983, 
Roach et al., 1987) and parasympathetic neurons innervating the salivary glands (al-Hadithi et 
al., 1988). Furthermore, substance P protein is localised in non-neuronal cells such as 
endothelial cells, as shown by electron and light microscope in coronary artery, brain 
microvessels and rat femoral and mesenteric arteries, (Milner et al., 1989, Milner et al., 1995, 
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Loesch and Burnstock, 1988) and, mRNA expression by qRT-PCR in human dermal skin 
(Milner et al., 2004). 
Substance P is known to regulate its own release from primary sensory neurons via activation of 
neurokinin-1 (NK1) receptors (Tang et al., 2007), and exerts its effects downstream via 
activation of phospholipase C (PLC) which hydrolyses the phospholipid PIP2 to release DAG 
and IP3(Nakajima et al., 1992, Burgess et al., 1984). IP3 is known to stimulate calcium release 
from intracellular stores (Burgess et al., 1984) and DAG activates protein kinase C (PKC) 
(Figure 1.2) (Berridge and Irvine, 1984). Substance P has also been shown to trigger calcium 
mobilisation and cAMP accumulation downstream of NK1 receptor activation (Sagan et al., 
1996). Additionally, substance P is known to induce activation of ERK1/2 and p38 mitogen-
activated protein (MAP) kinases, nuclear factor-kappa B (NFΚβ) and PKC, increasing 
prostaglandin E2 (PGE2) production and COX2 expression (Fiebich et al., 2000, Ebner and 
Singewald, 2006, Koon et al., 2006).  
Substance P has a prominent role in mediating neurogenic inflammation and in transmitting 
pain information to the CNS. Substance P-induced vasodilation via activation of NK1 receptors 
on the endothelium is dependent on nitric oxide release in human coronary arteries (Bossaller et 
al., 1992). Indeed, substance P-induced local axon reflex erythema was shown to be 
significantly reduced by L-NAME. However, substance P-induced vasodilatation has been 
reported to decline during continuous infusion as a result of internalisation of NK1 receptors 
(Wong et al., 2005). In the microvasculature, activation of NK1 receptors on endothelial cells 
can lead to an increase in vascular permeability (Lembeck et al., 1992, Emonds-Alt et al., 1993) 
and initiation of plasma extravasation indirectly, through activation of mast cells (Foreman and 
Jordan, 1983, Coleman et al., 1986). Interestingly, substance P also has contractile effects on 
smooth muscle located in the intestines, airways, urinary system, uterus and other organs 
(Maggi et al., 1987, Maggi and Meli, 1988).  
Substance P was first shown in vivo to decrease blood pressure in rabbit(Euler and Nilsson, 
1931) and this response is dependent on vasodilatation mediated through the activation of NK1 
receptors (Maggi et al., 1987, Couture et al., 1989). However, activation of sensory C-fibres can 
cause mesenteric resistance arteries myogenic constriction via the release of substance P, which 
acts on post-junctional NK1 receptors on vascular smooth muscle cells (Bayliss, 1901, Scotland 
et al., 2004). The pharmacological blockade of NK1 receptors may hence be a novel therapeutic 
pathway to target in cardiovascular diseases where there is an altered myogenic responsiveness 
such as hypertension (Dunn et al., 1998, Izzard et al., 1996) and diabetes (Schofield et al., 2002, 
Scotland et al., 2004). 
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The availability of transgenic NK1 receptor mice or selective NK1 receptors antagonists has 
facilitated the research on the tachykinin system. Substance P-induced sensitivity to chemical 
pain (Cao et al., 1998) and oedema (Cao et al., 1999) were shown to be significantly decreased 
in NK1 KO mice. CP-96345 was the first NK1 receptor antagonist developed and was shown to 
be highly selective, orally active and stable in vivo (Snider et al., 1991). It was shown to inhibit 
plasma extravasation in rat hind paw caused by mustard oil or by stimulation of the saphenous 
nerve (Lembeck et al., 1992). The NK1 receptor antagonist SR140333 has been widely used and 
was first demonstrated to inhibit substance P-induced hypotension in dogs, bronchoconstriction 
in guinea-pigs and plasma extravasation in rats (Emonds-Alt et al., 1993). Additionally, the 
compound SR140333 has also been used in our group to study neurogenic inflammation in the 
cutaneous vasculature following the topical application of capsaicin and mustard oil (Grant et 
al., 2002, Grant et al., 2005). It is important to note that although NK1 receptor antagonists were 
proven to be effective in many animal models of inflammation, they failed to show efficacy in 
several clinical trials for pain (Pettitt et al., 2000), but prevented both acute and delayed 
chemotherapy-induced nausea and vomiting (Hargreaves et al., 2011). The effects of SR140333 
on blood flow responses are studied later in the project to elucidate the mechanisms underlying 
neurogenic-dependent vasodilatation. 




Figure 1.2 Schematic diagram representing neurogenic inflammation in the cutaneous vasculature Stimulation of the sensory nerve results in an electrical 
impulse being transmitted towards the spinal cord to the brain for pain transduction and an axon reflex to the peripheral vasculature where CGRP and SP are released from 
the nerve terminals acting on the arterioles, mediating vascular changes. CGRP can mediate its effects by binding to its receptor complex on the VSMC and mediate 
relaxation via the opening of K
+
 channels on VSMC and in a NO-dependent manner in the endothelial cell. SP binds to neurokinin-1 (NK1) receptor on the endothelial cell to 
mediate relaxation via the release of NO. Abbreviations: cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CGRP, Calcitonin gene-related 
peptide; DAG, diacylglycerol; DRG, dorsal root ganglion; IP3, inositol triphosphate; NO, nitric oxide; NOS, nitric oxide synthase; PIP2, phosphatidylinositol 4,5-
bisphosphate; eNOS, endothelial NOS; PLC, phospholipase C; PKA, protein kinase A; PKC, protein kinase C; PKG, protein kinase G; SP, substance P; VSMC, vascular 
smooth muscle cell. 
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1.2 Transient receptor potential channels 
TRP channels were first discovered in mutant Drosophila by Cosens and Manning (1969) and 
the identity of the mutated protein was cloned twenty years later (Cosens and Manning, 1969, 
Montell and Rubin, 1989). Using whole-cell recordings from Drosophila photoreceptors, Hardie 
and Minke further presented evidence that TRP consisted of an ion channel which opened in 
response to light stimulation (Hardie and Minke, 1992). TRP channels, a family of non-selective 
cation-permeable channels, are widely expressed in mammalian tissues and have six 
transmembrane regions, with a pore loop domain between the fifth and sixth 
transmembrane(Ramsey et al., 2006). The family is currently composed of 29 channels with 
seven subfamilies; including canonical (TRPC), vanilloid (TRPV), ankyrin (TRPA), melastatin 
(TRPM), polycystin (TRPP), no mechanoreceptor potential C (NOMPC) and mucolipin 
(TRPML) (Nassenstein et al., 2008). TRP channels have multiple functions as chemosensors in 
cells and are also involved in pain sensation and inflammatory diseases (Nilius, 2007). They 
respond to a great number of stimuli; such as natural chemical compounds, cold or hot 
temperatures, changes in lipid bilayer and are stimulated by mechanical stimuli as well as 
endogenous inflammatory mediators (Minke, 2006). 
Capsaicin, a pungent chemical of chilli peppers at low doses has been shown to activate 
unmyelinated sensory C-fibres rather than myelinated Aδ-fibres on guinea-pig airways (Emery 
et al., 1983). Hence, capsaicin has been used to study the properties and functions of 
unmyelinated C-fibre afferents (Holzer, 1991, Kirchmair et al., 1994). Consequent studies have 
focussed on investigating the receptors expressed on the capsaicin-sensitive primary sensory 
neurons and these findings led to the discovery of neuronal TRP channels. TRPV1 is activated 
by capsaicin and capsaicin-induced nociception was significantly impaired in TRPV1 KO mice 
(Caterina et al., 1997, Caterina et al., 1999, Caterina et al., 2000). 
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1.3 Transient receptor potential ankyrin-1 (TRPA1) 
1.3.1  Structure of TRPA1 
TRPA1 is a non-selective cation channel, also known as the ankyrin like protein with six 
transmembrane domains, or the ‘wasabi’ receptor (Cordero-Morales et al., 2011). It is the only 
member of the TRPA subfamily and was first discovered by Jaquemar et al. (1999) as a 
‘transformation-sensitive’ mRNA in cultured human lung fibroblasts (Jaquemar et al., 1999).  
The long cytoplasmic N-terminal of TRPA1 consists of 18 ankyrin repeats and specific cysteine 
residues, which can undergo covalent modifications upon binding of electrophilic agonists, 
ultimately activating the channel (Figure 1.3) (Macpherson et al., 2007, Chung and Caterina, 
2007). The N-terminal cysteine residues are involved in electrophilic activation by thiol-reactive 
compounds, which leads to altered interactions between subunits and promote conformational 
changes, thereby modifying the gating mechanism (Cvetkov et al., 2011, Wang et al., 2012). 
Deletion of these ankyrin repeats has been shown to negatively affect insertion of the channel 
into the plasma membrane (Nilius et al., 2011). The ankyrin motifs consist of 33 amino acid 
residues made up of anti-parallel α-helix-loop-α-helix-loop-β loop structures (Mosavi et al., 
2004), which have presently been proposed to play a role in the mechanosensation of cutaneous 
Αβ-sensory fibres (Kwan et al., 2009) and vestibular functions of inner hair ear cells (Corey et 
al., 2004, Nagata et al., 2005).  
There is also a canonical calcium-binding EF-hand domain on the N-terminal, which may 
regulate channel opening by Ca
2+ 
ions (Zurborg et al., 2007). TRPA1 was previously reported to 




ions, suggesting that it is non-selective cation channels 
(Story et al., 2003, Wang et al., 2008b). However, it has been recently shown to have greater 
calcium permeability than other ions, with PCa/PNa of 0.8 (Karashima et al., 2010).  
The TRPA1 protein is made up of approximately 1100 amino acids, with molecular size of 120-
130 kDa. It is known to function as a homotetramer, composed of four identical TRPA1 
subunits of TRPA1 proteins. The human TRPA1 gene consists of 27 exons and spans 55701 
base pairs of the human chromosome 8q13, and is present in many vertebrates and invertebrates 
such as mouse, rat, dog, chicken, zebrafish, fruitfly and Caenorhabditis elegans (Nilius et al., 
2012). Mammals are known to contain one TRPA1 gene, whilst other classes of the Animalia 
Kingdom contain multiple TRPA1 homologues (Nilius et al., 2012). All electrophile-sensitive 
TRPA1 is derived from a common ancestor of both vertebrates and invertebrate. Hence, the 
essential structures and properties of TRPA1 have been conserved for more than 500 million 
years (Kang et al., 2010). 




Figure 1.3 Structure and agonist activity of TRPA1 channelTRPA1 channel consists of six 
transmembrane domains and intracellular N- and C-terminus. The long cytoplasmic N-terminus 
has ankyrin repeat and EF-hand domains. Common agonists activate TRPA1 by covalent 
modification of cysteine residues located on the N-terminus of the channel. The schematic 
diagram summarises the identified residues important for the receptor activation for relevant 
species. Other putative binding/modulatory sites that regulate TRPA1 channel activity include 
calcium binding to the EF-hand domain and the familial episodic pain syndrome (FEPS) 
mutation. Diagram adapted from Bodkin & Brain (2010). Abbreviations: 15-d-PGJ2, 15-d-
prostaglandin J2; AITC, allyl isothiocyanate, Ca
2+
, calcium; CA, cinnamaldehyde; H2O2, 
hydrogen peroxide; NO, nitric oxide; TRPA1, transient receptor potential ankyrin-1.  
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1.3.2 Expression of TRPA1 
TRPA1 was originally discovered in sensory neurons of DRG, trigeminal, vagal, jugular and 
nodose ganglion, and the inner ear (Bautista et al., 2005, Garcia-Anoveros and Nagata, 2007, 
Story et al., 2003). However, TRPA1 is now known to be expressed in multiple organs and 
tissues such as heart, small intestine, lung, skeletal, pancreas, brain and muscle (Stokes et al., 
2006). The expression of TRPA1 has been demonstrated in the CNS, in neurons of the nucleus 
supraopticus and at presynaptic terminals to the magnocellular neurosecretory cells, and its 
activation has been shown to enhance glutamate release in the CNS (Yokoyama et al., 2011, 
Lee et al., 2012). TRPA1 expressed on astrocytes contribute to basal calcium levels and is 
involved in releasing signalling molecules such as D-serine into the extracellular space, further 
leading to N-methyl-D-aspartate (NMDA) receptor-dependent hippocampal long-term 
potentiation (Shigetomi et al., 2013). The role of TRPA1 in the CNS is to facilitate transmission 
of intense peripheral mechanical stimulus to the spinal cord (McGaraughty et al., 2010). 
There is also evidence of TRPA1 being located in the ANS, where the sympathetic superior 
cervical ganglia was shown to express functional TRPA1 on cold-sensitive neurons (Smith et 
al., 2004). Additionally, TRPA1 is known to be widely expressed in peripheral tissues, as 
shown in mouse paw, sciatic nerve and spinal cord (Andrade et al., 2008). The most elegant 
discovery thus far has been the co-expression of TRPA1 in 60-75% of TRPV1-expressing 
sensory C-fibres, where approximately 97% of TRPV1-expressing neurons are C-fibres (Story 
et al., 2003, Kobayashi et al., 2005). TRPA1 and TRPV1 were shown to be co-
immunoprecipitated in rat and mouse sensory neurons and TRPA1-TRPV1 expression system 
in Chinese Hamster Ovary (CHO) cells (Staruschenko et al., 2010). It was reported that the 
TRPA1-expressing population of neurons nearly always express TRPV1 (Bodkin and Brain, 
2011) and hence, these findings suggest a possible interaction between the functional activity of 
the two channels, which will be discussed in Section 1.3.4. 
Moreover, TRPA1 is also expressed in sensory neurons that do not express TRPV1 and skin 
cells other than neurons (Atoyan et al., 2009, Biro and Kovacs, 2009). TRPA1 is present in non-
neuronal tissues such as endothelial cells isolated from rat cerebral arteries, and is localised to 
membrane projections approaching the underlying smooth muscle cells (Earley et al., 2009). 
Functional TRPA1 is also expressed on human keratinocytes and fibroblasts (Jain et al., 2011), 
and has been found to be co-localised with melanocyte marker pMel-17 in the basal layer of the 
epidermis (Atoyan et al., 2009). Positive immunostaining for TRPA1 protein was detected on 
the mouse epidermis (Denda et al., 2010b). There is also increasing evidence showing that 
TRPA1 is expressed on human dental pulp fibroblasts with a link to cold sensation and 
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mechanotransduction (El Karim et al., 2011). The role of cold in activating TRPA1 is currently 
a debatable issue in the literature and will be discussed more in sections 1.3.3.7, 1.3.8 and 1.4.  
It is important to note that the protein expression of TRPA1 in mouse tissue over the last decade 
has been limited due to unavailability of a selective TRPA1 antibody, and the current evidence 
that TRPA1 mRNA or protein is expressed in a particular location needs to be further verified 
for functionality.   
1.3.3  Endogenous and exogenous agonists of TRPA1 
As TRPA1 is considered as a target for developing novel analgesic and anti-inflammatory 
drugs, understanding the pharmacology of this channel is important in the drug discovery and 
development research field. Interestingly, there are distinct pharmacological differences 
between the functional activity of human TRPA1 (hTRPA1) and rodent TRPA1 (rTRPA1). The 
pharmacology of the rhesus monkey TRPA1 (rhTRPA1) was demonstrated to be similar to the 
hTRPA1, whilst the rTRPA1 was shown to closely resemble mouse TRPA1 (mTRPA1) 
(Bianchi et al., 2012). Understanding the modulation of TRPA1 relies on studying the 
functional agonists’ and antagonists’ activities of the channel.  
1.3.3.1 Pungent chemicals from vegetables and pollutants 
Studies over recent years have identified a range of TRPA1 agonists, some of which include 
components of traditional medicines and irritants, which are electrophilic activators or non-
electrophilic modulators. Electrophilic TRPA1 agonists act by modifying nucleophilic cysteine 
and lysine resides located on the N-terminal of TRPA1 (Bang and Hwang, 2009). Some of the 
exogenous agonists for TRPA1 include (1) isothiocyanates such as the pungent products from 
mustard oil, wasabi and horseradish (Bandell et al., 2004, Jordt et al., 2004), (2) methyl 
salicylate found in wintergreen oil (Bandell et al., 2004), cinnamaldehyde from cinnamon 
(Bandell et al., 2004), allicin and diallyl disulphide from garlic (Bautista et al., 2006, 
Macpherson et al., 2005), acrolein, which are α,β-unsaturated aldehydes in vehicle exhaust 
fumes and exhaust gas (Bautista et al., 2006, Andre et al., 2008, Simon and Liedtke, 2008) and 
Δ9 tetra-hydrocannabinol (Jordt et al., 2004, Patapoutian et al., 2003, Story et al., 2003, Nilius 
et al., 2012).  
Mustard oil has been widely used as a pharmacological tool to study the presence of functional 
TRPA1 and neurogenic inflammation as it causes a dose-dependent release of substance P and 
CGRP from neuronal C-fibres (Louis et al., 1989, Grant et al., 2005). However, it has been 
reported to have poor TRPA1 selectivity due to its reactive nature (Bodkin and Brain, 2011). 
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There is evidence in the literature showing that mustard oil can activate porcine TRPV1 (Ohta et 
al., 2007). A recent study by Everaerts et al. showed that mustard oil has a bimodal effect on 
TRPA1, producing current inhibition at millimolar concentrations (Everaerts et al., 2010). This 
study also showed that mustard oil can stably activate mTRPA1 and hTRPV1 as well as TRPV1 
receptors expressed on mouse sensory neurons. Furthermore, mustard oil induced TRPV1 
stimulation and this response was potentiated by physiological temperatures (Everaerts et al., 
2010). Mori et al. also showed that mustard oil increased intracellular calcium concentration in 
cells expressing TRPV1 in a dose-dependent manner (Mori et al., 2011). Overall, these studies 
provide evidence that mustard oil may have poor selectivity for TRPA1. 
Cinnamaldehyde, an extract from cinnamon is used in traditional Chinese medicine to treat 
circulatory and inflammatory diseases (Yanaga et al., 2006) and is also known to cause 
neurogenic inflammation (Bodkin and Brain, 2011). Both mustard oil and cinnamaldehyde are 
highly lipophilic and can diffuse easily through the plasma membrane and rapidly activate 
TRPA1 (Cavanaugh et al., 2008). Cinnamaldehyde, as an electrophile can covalently modify 
specific cysteine residues via alkylative conjugate addition (Figure 1.3) (Sadofsky et al., 2011), 
but the exact mechanism is unknown. In hTRPA1, a small hydrophobic increase of the channel 
protein at primarily Cys619, Cys639 and Cys663, which are located between the last ankyrin 
repeated domain and segment 1, was shown to be sufficient to trigger robust channel opening 
(Hinman et al., 2006). In mTRPA1, the most reactive cysteine residues were Cys415 and 




 ankyrin repeat domains, and Cys622 found between the last 
ankyrin repeated domain and segment 1 of TRPA1 (Figure 1.3) (Macpherson et al., 2007).  
1.3.3.2 Oxidants and metabolites of oxidative stress as TRPA1 activators 
TRPA1 is also known as an oxygen sensor (Takahashi et al., 2011). The hypoxia inducible 
factor-1α is coupled with TRPA1 expression (Hatano et al., 2012), and TRPA1 is a critical 
sensor for both hypoxia and hyperoxia in vagal and sensory neurons (Takahashi et al., 2011). 
There is recent evidence showing that the pharmacological blockade of TRPA1 can cause a 
dose-dependent attenuation in hypoxic ventilator response (13% pure O2 and 5% CO2) 
(Pokorski et al., 2013). Products of oxidative stress that cause cysteine oxidation are known to 
be potential activators of TRPA1. High concentrations of endogenously-produced alkenal 4-
ONE, an electrophilic compound produced by oxidative stress (Taylor et al., 2008) was also 
shown to activate TRPA1, although recent work from our group has shown that 4-ONE can also 
trigger TRPA1-independent effects that relate to oedema formation and pain (Graepel et al., 
2011). Products of oxidative stress such as 4-hydroxynonenal (4-HNE), an α,β-unsaturated 
hydroxylalkenal have been previously shown to cause substance P and CGRP release in vivo by 
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activating N-terminal cysteine binding residues of TRPA1 (Trevisani et al., 2007), and these 
responses were absent in TRPA1 KO mice. Reactive oxygen species such as oxygen radicals 
and hydrogen peroxide (H2O2) are generally upregulated in inflammation and earlier studies 
have shown that they play an important role in the pathogenesis of inflammatory disease 
(Keeble et al., 2009). Interestingly, H2O2 has also been proposed as a TRPA1 activator and 
intraplantar (i.pl.) injection of H2O2 was previously shown to increase pain via a TRPA1-
dependent mechanism (Andersson et al., 2008). These findings suggest that TRPA1 may be 
activated by endogenously derived metabolites of oxidative stress.  
1.3.3.3  Gaseous mediators such as nitric oxide and H2S activate TRPA1 
Reactive nitrogen species like nitric oxide have also been shown to be potent activators of 
TRPA1. The endothelial tetrahydrobiopterin (BH4) protein is an essential co-factor for nitric 
oxide production and can activate TRPA1 on DRG sensory neurons (Miyamoto et al., 2009). 
Recently, hydrogen sulphide (H2S) was demonstrated to activate TRPA1 (Okubo et al., 2012, 
Ogawa et al., 2012, Andersson et al., 2012). The vasoactive H2S was shown to evoke CGRP 
release from sensory neurons of isolated rat trachea in a TRPA1-dependent manner (Pozsgai et 
al., 2012). Furthermore, an H2S donor sodium hydrogen sulphide (NaHS) was shown to activate 
TRPA1 expressed in CHO cells and stimulated DRG neurons isolated from TRPA1 WT but not 
TRPA1 KO mice (Andersson et al., 2012). Administration of NaHS (i.pl.) was also shown to 
evoke mechanical and cold hypersensitivities in TRPA1 WT but not TRPA1 KO mice in 
vivo(Andersson et al., 2012). All this evidence suggests that H2S may mediate its effects via 
TRPA1 stimulation in the vasculature. Nevertheless, it is important to note that most of these 
studies used a high concentration of NaHS/H2S and hence, this raises questions on the 
significance and relevance of the physiological changes mediated by these compounds. 
1.3.3.4  Non-electrophilic TRPA1 agonist 
As mentioned earlier, the majority of TRPA1 agonists are electrophilic and react by binding 
covalently to cysteine residues. Pfizer recently developed a non-reactive, non-volatile stable 
agonist PF4840154 for a safer and more robust screening assay to assess the pharmacology of 
TRPA1 channel (Ryckmans et al., 2011). This agonist can activate rTRPA1 and hTRPA1 
selectively, as shown in vitro and in vivo. Our group demonstrated that PF4840154 induced 
licking-behaviours in a TRPA1-dependent manner in vivo (Ryckmans et al., 2011). Intriguingly, 
it remains unknown how a non-electrophilic agonist activates TRPA1 and if this relies on one or 
several selective binding sites, or if the compound enters the pore in the dilated mode (Nilius et 
al., 2011). 
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1.3.3.5  Modulation of TRPA1 by calcium and inflammatory mediators 
Potent mediators are released from neurons during injury and inflammation; however the 
mechanisms of sensory neuron excitation remain largely unknown. TRPA1 can be activated or 
sensitised by other inflammatory mediators, in a mechanism involving G-protein coupled 
receptors (GPCRs) though second messenger signalling cascades. Bradykinin, serotonin and 
ATP can act on their respective GPCRs and indirectly activate TRPA1 (Bautista et al., 2006, 
Wang et al., 2008a). Bradykinin acts as an enhancer of TRPA1 by potentially activating the 
PLC pathway downstream of bradykinin2 receptor (B2R) activation. This further leads to the 
breakdown of PIP2 into DAG and IP3, activating PKC and releasing calcium from internal 
stores, respectively. The PLC pathway regulates and activates TRPA1 via an unknown 
mechanism (Bautista et al., 2013)  Thus, GPCR coupling can allow TRPA1 to increase its 
repertoire of both exogenous and endogenous ligands (Bautista et al., 2013). 
Interestingly, studies by Wang et al. on whole cell recordings have recently demonstrated that 
modest increases in intracellular calcium, which correlates with cell stimulation, can activate 
TRPA1 channels. This potentiates agonist-induced TRPA1 currents, whilst larger elevations of 
intracellular calcium inactivate TRPA1. Wang and colleagues also identified key residues in the 
segment 5 to segment 6 linker of the TRPA1 channel, which control calcium permeability 
(Wang et al., 2008b). TRPA1 can also be directly activated by calcium by acting on residues on 
the EF-hand domain of the channel (Zurborg et al., 2007).  
1.3.3.6  TRPA1 acts as a mechanosensor? 
In contrast to acting as a chemosensor, TRPA1 has been reported to have mechanosensory 
properties and mediates nociception within the viscera in both normal and pathophysiological 
conditions (Brierley et al., 2011). Although several evidences from in vivo studies show a role 
for TRPA1 as a mechanosensor, TRPA1 has been speculated to be involved in the formation of 
mechanosensory complexes rather than solely mediating responses to mechanical stimuli 
(Nilius et al., 2012). 
1.3.3.7  Cold activates TRPA1? 
Lastly, but not least, cold temperatures (<17°C) can directly activate TRPA1 in heterologous 
expression systems (Story et al., 2003, Bandell et al., 2004). However, there is significant 
debate regarding the role of TRPA1 as a ‘cold sensor’ channel as studies from other groups 
failed to reproduce cold responsiveness in TRPA1 (Jordt et al., 2004, Nagata et al., 2005, 
Caspani and Heppenstall, 2009). Whilst there is increasing evidence from cellular and 
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behavioural studies in TRPA1 KO mice that TRPA1 is not required for acute cold-induced pain 
in vivo (Bautista et al., 2006), other groups have shown that pharmacological blockade of 
TRPA1 in primary sensory neurons can reverse cold-induced hyperalgesia caused by 
inflammation and nerve injury (Obata et al., 2005). The role of TRPA1 as a potential cold 
sensor will be discussed in section 1.3.8 and 1.4. 
1.3.4  Transgenic mice and antagonists 
As the availability of selective and potent TRPA1 antagonists is currently limited, most studies 
investigating the role of TRPA1 in pathological diseases have used TRPA1 KO mice, 
established in 2006 by two groups (Bautista et al., 2006, Kwan et al., 2006). Kwan et al. 
initially showed mice lacking functional TRPA1 were insensitive to oral supplementation of 
mustard oil, painful cold and mechanical stimuli (Kwan et al., 2006). Furthermore, the use of 
TRPA1 WT and KO mice showed that TRPA1 mediated inflammatory pain caused by 
bradykinin (Kwan et al., 2006). Although there is a difference in the method of TRPA1 gene 
deletion between both the strains of mice, there is a clear loss of functional TRPA1 (Story and 
Gereau, 2006). The TRPA1 KO mice derived from Kwan et al. were generated by replacing the 
exons encoding the S5 and S6 pore forming domains with a cassette containing an internal 
ribosome entry site, a human placental alkaline phosphatase gene and a polyadenylation 
sequence (Kwan et al., 2006). Hence, a TRPA1 transcript that cannot form a functional TRPA1 
was produced. These mice are maintained on a mixed C57Bl/6J and B6129PF2/J background, 
and have been used in various publications from our group and others. On the other hand, the 
TRPA1 KO mice derived from Bautista et al. have their pore loop and much of their sixth 
transmembrane domain deleted (Bautista et al., 2006). These mice are maintained on a C57/BL6 
background and are also used by many research groups. It is important to note that both strains 
are on a mixed genetic background and hence, this causes a problem when data are extrapolated 
to and from mouse models on a single background (Nilius et al., 2012).  
As it is clear from several knock-down and KO studies that TRPA1 is involved in pain and 
inflammatory pathways, the development of pharmacological drugs to target this potential site 
may produce analgesic and anti-inflammatory effects (Defalco et al., 2010). Ruthenium red, a 
non-selective cation channel blocker, has been used in several studies to investigate the 
pharmacology of TRPA1. Ruthenium red not only interacts with the ligand binding site of TRP 
channels but also blocks the aqueous pore (Vriens et al., 2009), which will in turn prevent 
increase in intracellular cations. Camphor, the active ingredient of many balms, inhibited 
mustard oil-induced activation of TRPA1-expressing HEK293 cells (Sawada et al., 2007) but it 
was also shown to activate and desensitise TRPV1 (Xu et al., 2005). Studies in our laboratory 
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showed that camphor does not reduce 4-ONE induced mechanical hyperalgesia (Graepel, 2009) 
and hence, camphor is thought to be weak and non-selective TRPA1 antagonist.  
McNamara et al. was the first to show that a substituted theophylline derivative HC-030031 
blocked TRPA1-agonist formalin induced nociceptive responses (McNamara et al., 2007)in vivo 
whilst, Taylor-Clark et al. further showed that HC030031 inhibited TRPA1 agonists 15-
Prostaglandins J2 (15-PGJ2)-induced responses vitro(Taylor et al., 2008). This compound is 
currently under preclinical investigation (Baraldi et al., 2010). HC030031 is non-electrophilic 
and hence, acts via non-covalent interaction with the TRPA1 channel (Nilius et al., 2012) and it 
was shown to inhibit both ally isothiocyanate (AITC)- or formalin-inward and outward currents 
rapidly and reversibly. Furthermore, HC030031 does not inhibit currents mediated by other 
TRP channels such as TRPV1, TRPV3, TRPV4 or NAV1.2 channels (McNamara et al., 2007). 
This finding highlights the high selectivity of HC030031 for TRPA1 and this compound will be 
widely used in the current project to characterise the role of TRPA1 in the peripheral 
vasculature in vivo. 
AMG7160 belongs to the trichloro(sulfanyl)ethyl benzamide (TCEB) compound family and is 
also known to display differential pharmacology at rTRPA1. It marginally inhibits rTRPA1 
activation by mustard oil while other TCEB compounds can act as partial agonists (Klionsky et 
al., 2007).  Chembridge-5861528, also known as TCS5861528, is a newer derivative of 
HC030031 and was recently shown to reduce diabetic- and mustard oil induced mechanical 
hypersensitivity (Wei et al., 2009, Wei et al., 2010b, Wei et al., 2010a, Wei et al., 2013b, Wei et 
al., 2012, Wei et al., 2013a). Thus far, another oxime-derived compound A967079 has been 
reported to be the TRPA1 antagonist with the greatest affinity as it displays 1000-fold 
selectivity for TRPA1 when compared to other TRP channels and more than 150-fold selectivity 
over other 75 other ion channels, enzymes and G-protein coupled receptors. A967079 was 
shown to be effective in antagonising TRPA1 in human and rat cell lines in vitro and, in 
reducing spontaneous and mechanically evoked firing of spinal neurons in pain models of 
osteoarthritis in vivo (McGaraughty et al., 2010). Further studies showed that oral dosing of 
A967079 resulted in a significant decrease in nocifensive responses induced by the TRPA1 
agonist AITC, osteoarthritic pain and cold allodynia produced by nerve injury in rats, without 
any changes in core body temperature or any side effects in terms of locomotor or 
cardiovascular responses (Chen et al., 2011). 
Neuropathic pain is caused by highly effective chemotherapeutic agents, in cancer treatment 
with oxaliplatin and related drugs. A new compound ADM_09 was recently shown to revert 
oxaliplatin-induced neuropathic pain in rats by blocking TRPA1, without causing any 
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commonly associated negative side-effects, such as modifying normal behaviour, cardiotoxicity 
or toxicity towards astrocyte cell cultures. ADM_09 was further demonstrated to block both 
mTRPA1 and hTRPA1 persistently by binding to carnosine residue in a calcium-dependent 
manner and by forming disulphide bridge with lipoic acid residue (Nativi et al., 2013).  
Furthermore, in vitro studies showed that the electrophilic oxime compound AP-18 attenuates 
mustard oil-induced nociceptive behaviour and Complete Freund’s adjuvant (CFA)-induced 
mechanical hypersensitivity in TRPA1 WT but not KO mice (Defalco et al., 2010, Petrus et al., 
2007, Fernandes et al., 2011). Some TRPA1 antagonists, including AP-18, have limitations such 
as short-acting and local application limitations. Nakatsuka et al. recently reported that AP18 
was ineffective in inhibiting heterologously expressed frog TRPA1 (fTRPA1) and, neither 
heterologously nor endogenously fTRPA1 is sensitive to A967079 upon TRPA1 activation. The 
sites of the antagonistic action of A967079 is located on two specific amino acid residues 
located within transmembrane domain 5 of hTRPA1 (Nakatsuka et al., 2013). These new 
findings further highlight the difference in channel properties of TRPA1 in diverse animal 
species and hence, the identification and further understanding of molecular determinants for 
TRPA1 antagonists will help the new development of selective TRPA1 antagonists. It is evident 
that TRPA1 plays a significant role in inflammatory pain and may have a role in other systemic 
diseases and hence, the clinical development of novel and potent TRPA1 antagonists may be 
beneficial. 
1.3.5  Receptor activity and desensitisation 
Mustard oil and capsaicin administration are both well-known experimental models of 
inflammation. TRPA1 activation and sensitisation pathways have been suggested to be similar 
to those of TRPV1 (Nilius, 2007) and a few studies have reported that both receptors can cross-
regulate each other’s receptor activity and desensitisation (Ruparel et al., 2008, Salas et al., 
2009). However, whilst repeated application of capsaicin causes desensitisation, Inoue et al. 
showed that repeated application of mustard oil creates consistent plasma extravasation in the 
mouse ear skin (Inoue et al., 1997). However, using calcium-imaging studies Anand et al. 
showed that repeated exposure to the TRPA1 agonist cinnamaldehyde produced desensitisation 
of primary cultured human DRG neurons (Anand et al., 2008). Pain sensations to mustard oil 
are also significantly delayed in atopic dermatitis patients after two mustard oil applications, as 
a result of functional sensory system desensitisation (Heyer et al., 1991). Therefore, agonist-
based desensitisation therapies may potentially be useful in some inflammatory and painful 
conditions. 
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Capsaicin and mustard oil pre-treatment have both been shown to result in pharmacological and 
functional cross-desensitisation between TRPA1 and TRPV1 (Ruparel et al., 2008, Patacchini et 
al., 1990, Jacquot et al., 2005, Simons et al., 2004). TRPV1 activation by capsaicin has been 
shown to desensitise TRPA1 in nociception studies (Ruparel et al., 2008) and this is mediated 
by a calcium dependent pathway and PIP2 depletion (Akopian et al., 2007). Capsaicin-gated 
massive calcium influx also activates calcium-dependent phospholipase C-δ (PLCδ) (Akopian 
et al., 2007) which further desensitises TRPA1 (Karashima et al., 2008). Interestingly, TRPA1 
activation can also lead to TRPV1 desensitisation and this was suggested to be mediated by the 
calcineurin dependent pathway. Calcineurin is involved in dephosphorylating calmodulin-
dependent protein kinase II (CAMKII) consensus sites located at the C-terminal of TRPV1 
channel and this blocks ligand binding (Jung et al., 2004). Pre-incubation with lower 
concentrations of cinnamaldehyde was shown to enhance TRPV1-induced responses in rat DRG 
neurons, whilst high concentrations of cinnamaldehyde caused desensitisation to further TRPV1 
stimulation (Anand et al., 2008). Akopian et al. reported that presence of TRPV1 regulates the 
magnitude of TRPA1 desensitisation, and in the absence of TRPV1, mustard oil induces 
receptor internalisation (Akopian et al., 2007). Therefore, consideration for both receptors may 
be necessary in any therapeutic developments.  
It is interesting to note that the extensive co-expression of TRPA1 and TRPV1 in sensory 
neurons has been proposed to cause a potential functional interaction between the two channels, 
although the exact mechanisms and effects of this interaction are under debate. Salas et al. 
(2009) showed that mustard oil-gated currents exhibited faster kinetics activation in TRPA1-
expressing than in TRPA1/TRPV1 co-expressing CHO cells in vitro (Salas et al., 2009). Salas 
et al. further proposed that there might be a down-regulation of TRPA1 expression in TRPV1 
KO mice (Salas et al., 2009). However, TRPA1 KO mice have been shown to retain their 
responses to capsaicin (Macpherson et al., 2006, Aubdool, 2010) and TRPV1 KO mice have 
also been reported to retain their responses to mustard oil (Banvolgyi et al., 2004).  Our recent 
study in vivo showed that TRPA1-mediated vasodilatation following topical application of 
mustard oil was significantly potentiated in TRPV1 KO mice or WT mice pre-treated with 
selective TRPV1 antagonist SB366791, when compared to TRPV1 WT mice or WT mice pre-
treated with vehicle (Aubdool, 2010). This suggests that when TRPV1 and TRPA1 are both 
present, TRPV1 may regulate TRPA1-mediated responses induced by mustard oil. Studies 
investigating the interaction between TRPA1 and TRPV1 have relied on individual 
pharmacological approaches and to date there are no dual antagonist to selectively target 
TRPA1 and TRPV1.  
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In a recent review, Akopian et al. reported that mustard oil-induced responses leads to self-
desensitisation of TRPA1 via two possible mechanisms which include (1) modification in the 
TRPA1 channel which needs time to recover and (2) internalisation of TRPA1 which further 
leads to decrease in TRPA1 activity (Akopian et al., 2007, Schmidt et al., 2009, Akopian, 2011). 
However, when TRPA1 and TRPV1 are co-expressed on the same sensory neuron, TRPV1 can 
inhibit the internalisation of the TRPA1 receptor, and thus, potentially preventing the second 
desensitisation mechanism (Akopian et al., 2007). It remains unknown if TRPA1-TRPV1 co-
expression is exclusive in sensory neurons or if it also occurs in non-neuronal tissues. Future 
studies investigating TRPA1 and TRPV1 expression profiles and their interactions would 
provide details on the pharmacologic properties and function of these channels. If TRPV1 
regulates the density of TRPA1 expression and functional activity, this will affect the responses 
of a TRPA1 agonist.  
1.3.6  Vasodilator effects of TRPA1 
There is increasing evidence in the literature showing that TRPA1 plays an important role in 
mediating inflammatory pain, but TRPA1 is also known to have a role in mediating 
vasorelaxant effects. Some of the agonists mentioned in section 1.3.3 have been used in studies 
to investigate the vascular effects of TRPA1. Bautista et al. was the first to show that TRPA1 
channels are expressed in adventitial nerve fibres in the rat mesenteric arteries and demonstrated 
that they play a role in regulating the vascular tone in response to agonists such as mustard oil 
and allicin (Bautista et al., 2005). Interestingly, allicin has previously been shown to cause 
relaxation of ex vivo perfused feline mesenteric vessels via an unidentified mechanism (Mayeux 
et al., 1988), and also in isolated rat pulmonary arteries via induction of endothelial-derived 
nitric oxide production (Ku et al., 2002). Both these relaxation responses could perhaps now be 
attributed to TRPA1 as shown by Bautista et al. (2005). This TRPA1-mediated relaxation 
response in the phenylephrine pre-constricted mesenteric artery rings was shown to be 
dependent on CGRP release, but not TRPV1 activation (Bautista et al., 2005).   
Following on from the evidence that mustard oil acts on TRPA1 (Jordt et al., 2004), our group 
used the mouse ear model to show that topical application of mustard oil (1%) induces 
vasodilatation via the release of neuropeptides such as CGRP and substance P (Grant et al., 
2005). Grant et al. first developed the mouse ear model in our group, to allow simultaneous 
measurement of blood flow by laser Doppler flowmeter and oedema formation to characterise 
the mechanisms underlying neurogenic inflammation (Grant et al., 2002). Later studies by 
Pozsgai et al. from our group showed that mustard oil-induced vasodilatation was dependent on 
TRPA1 using transgenic mice (Pozsgai et al., 2010). Mustard oil was also demonstrated to 
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increase meningeal blood flow by acting TRPA1 and via the release of CGRP in rats (Kunkler 
et al., 2011). These findings highlight that there is increasing evidence in the literature showing 
CGRP release downstream of TRPA1 activation.  
Functional TRPA1 was shown to be expressed on the endothelium of rat cerebral and cerebellar 
pial arteries, and Earley et al. showed that mustard oil caused vasodilation mediated by 
hyperpolarisation of the smooth muscle via myo-endothelial gap junctions (Earley et al., 2009). 
Experiments from Earley’s laboratory failed to detect TRPA1 expression outside the cerebral 
circulation in sites such as the endothelium of rat mesenteric and renal interlobar arteries 
(Earley, 2012).  
Our recent study using the mouse ear model showed that mustard oil-induced vasodilatation was 
enhanced in TRPV1 KO mice or CD1-mice pre-treated with a selective TRPV1 antagonist 
(Aubdool, 2010). However, our data here suggest that TRPV1 may be involved in regulating 
TRPA1-mediated responses induced by mustard oil. If mustard oil at a dose of 1% has non-
specific effects apart from TRPA1, this raises the question on using mustard oil as a 
pharmacological agent to elucidate mechanisms underlying TRPA1-mediated responses and 
further, reinforces the requirement of a selective TRPA1 agonist.  
A link between oxidative stress and TRPA1 has been previously proposed by earlier studies, as 
mentioned earlier (Trevisani et al., 2007). The lipid peroxidation product, 4-ONE was shown to 
activate TRPA1 in CHO cells in vitro (Andersson et al., 2008) and our group further 
investigated its effects on vasoactive responses in vivo. We showed that 4-ONE triggers 
unilateral mechanical hyperalgesia, oedema formation and vasodilatation in both a TRPA1-
dependent and -independent manner (Graepel et al., 2011). 4-ONE-induced increase in blood 
flow was shown to be significantly reduced in the hindpaw of TRPA1 KO and α-CGRP KO 
mice, when compared to respective WT mice (Graepel et al., 2011). However, there was an 
increase in 4-ONE induced oedema formation and pain in TRPV1 KO mice. These results 
further suggested that 4-ONE might trigger TRPA1-independent effects in terms of plasma 
extravasation and pain sensitivity in vivo (Graepel et al., 2011).  
More evidence of the role of TRPA1 in mediating vascular effects was recently shown by using 
the gaseous mediator H2S. H2S was demonstrated to mediate vasodilatation in pressurised 
mesenteric small arteries isolated from rats and this response was attenuated following the pre-
treatment with capsaicin, a CGRP receptor antagonist Olcegepant or TRPA1 antagonist 
HC030031 (White et al., 2013). This response was shown to be dependent on sensory neuron 
activation but independent on nitric oxide or KATP channels (White et al., 2013). In the mouse 
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ear model, topical application of the H2S donor NaHS (5%) was shown to mediate 
vasodilatation, which is dependent on TRPA1, as shown when the TRPA1 gene was deleted or 
pharmacologically blocked using HC030031 (Pozsgai et al., 2012). Furthermore, this response 
was shown to be unaffected in TRPV1 KO mice when compared to WT mice (Pozsgai et al., 
2012). These findings highlight an important role in NaHS in activating TRPA1 and mediating 
vasoactive responses. However, it is important to note that intracolonic NaHS administration 
has been shown to evoke similar nociceptive effects in TRPA1 WT and KO mice and this 
finding suggests that the visceral pro-nociceptive effects of NaHS is independent of TRPA1 
(Andersson et al., 2012). This further suggests that NaHS has TRPA1-independent effects, 
which requires further investigation. 
As discussed here, it is clear that TRPA1-mediated responses may vary depending on the type 
of vascular beds or site of action. Although some compounds have been reported to activate 
TRPA1, further investigations have demonstrated that they also possess other unknown TRPA1-
independent effects. The use of a selective TRPA1 agonist may answer this question and this 
will be discussed further in the next section focusing on cinnamaldehyde which has been 
documented to be a more selective TRPA1 agonist (Bodkin and Brain, 2011). 
1.3.7 Vascular effects of cinnamaldehyde 
Cinnamaldehyde has been reported to have good selectivity and potency towards TRPA1 
(Bodkin & Brain, 2010). Several earlier studies have investigated the role of cinnamaldehyde in 
mediating cardiovascular responses, even before cinnamaldehyde was discovered to act on 
TRPA1. Harada & Yano (1975) showed that cinnamaldehyde caused a fall in blood pressure 
followed by respiratory stimulation and an increase in heart rate in anaesthetised dogs and 
guinea pigs. The mechanism of action here is unknown but it was suggested that this is 
mediated by cinnamaldehyde-induced vasodilatation in the peripheral vasculature (Harada and 
Yano, 1975).  Using this previous knowledge, our group investigated the peripheral influence of 
TRPA1 in mediating cinnamaldehyde-induced cardiovascular responses. Indeed, injection (i.v.) 
of cinnamaldehyde induced a transient hypotensive response and decrease in heart rate, 
followed by a more sustained dose-dependent pressor response in WT which were all 
suppressed in TRPA1 KO mice (Pozsgai et al., 2010). Both the depressor and pressor responses 
were also shown to be dependent on α-adrenergic receptor activation (Pozsgai et al., 2010), 
suggesting a potential involvement of sympathetic nerve action. Indeed, there is earlier evidence 
showing an increase in plasma catecholamine levels following injection (i.v.) of 
cinnamaldehyde in anaesthetised dogs (Harada et al., 1982).  
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In terms of vascular effects, cinnamaldehyde was shown to induce relaxation in isolated pre-
contracted rat aorta, which was impaired but not abolished when the endothelium was removed 
or following NOS inhibition (Yanaga et al., 2006). Xue et al. showed that cinnamaldehyde-
induced relaxation was not dependent on nitric oxide, potassium channels or prostaglandins 
(Xue et al., 2011). It was shown that cinnamaldehyde dilates the vascular smooth muscle in an 
endothelium-independent manner and this may involve both calcium influx as well as release 
(Xue et al., 2011). It is important to note that these studies did not investigate the effects of 
TRPA1 inhibition on cinnamaldehyde-induced responses and it remains unknown whether 
TRPA1 is expressed in the smooth muscle cells of rat aorta. Investigation from Earley’s 
laboratory have not detected any TRPA1 expression in the smooth muscle cell of rat cerebral 
resistance arteries (Earley, 2012). 
However, later studies in our group showed that cinnamaldehyde-induced vasodilatation in 
mesenteric arterial rings were significantly less potent in TRPA1 KO than WT mice (Pozsgai et 
al., 2010). In vivo, administration cinnamaldehyde (i.pl.) was shown to increase blood flow in 
the paw skin of anaesthetised WT but not TRPA1 KO mice (Pozsgai et al., 2010). It remains to 
be determined whether the activation of TRPA1 by cinnamaldehyde involved a neurogenic-
dependent vasodilatation like other TRPA1 agonists in vivo.  
Silva et al. investigated the mechanisms underlying topical cinnamaldehyde-induced oedema in 
the mouse ear and demonstrated that this response is dependent on TRPA1 stimulation and 
substance P release (Silva et al., 2011). The skin penetration for topical application of 
cinnamaldehyde has been shown to be about 55% (Silva et al., 2011, Bickers et al., 2005, 
Kasting et al., 1997). It is important to highlight that repeated applications of cinnamaldehyde 
did not cause desensitisation in terms of oedema formation (Silva et al., 2011). 
Cinnamaldehyde has also been shown to have vascular effects in human studies. 
Cinnamaldehyde (10%) was shown to evoke significant changes in spontaneous pain and 
induced heat and mechanical hyperalgesia, with increase in neurogenic axon flare in the forearm 
of healthy participants (Namer et al., 2005). Topical application of cinnamaldehyde (1-10%) 
was shown to cause changes in Αδ-evoked potential amplitude, heat hypersensitivity and 
evoked pain in areas on the mid-volar forearm of healthy subjects (Roberts et al., 2011). It 
remains unknown whether cinnamaldehyde-induced responses in the cutaneous vasculature are 
dependent on TRPA1 in human. Nevertheless, topical application of cinnamaldehyde was 
demonstrated to accelerate skin permeability barrier recovery which was further delayed using 
the TRPA1 antagonist HC030031 (Denda et al., 2010b).  
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The exact nature of the downstream mechanism underlying cinnamaldehyde-induced responses 
in the vasculature in vivo is unknown. Therefore, my PhD project will investigate the mediators 
involved in mediating cinnamaldehyde-induced responses using the mouse ear model.  
1.3.8 Is TRPA1 a thermosensor? 
Temperature recognition remains critical for sensory perception and TRPA1 can be activated by 
cold temperatures, as mentioned earlier. However, the role of TRPA1 as a cold sensor has been 
a controversial issue in the literature and it remains unknown if TRPA1 is a receptor for noxious 
cold. Hence, this section will summarise all the current knowledge of cold as an activator of 
TRPA1. 
1.3.8.1 Discovery of TRPA1 as a cold sensor 
Using calcium imaging studies, it was clearly demonstrated that there was a rapid increase in 
calcium influx as the buffer is cooled from 17°C to 10°C, with the highest peak in calcium 
influx at 10-11°C in CHO cells transfected with TRPA1 but not untransfected cells (Story et al., 
2003). The study conducted by Story et al. provided evidence that low temperature activates 
TRPA1 and they also clearly demonstrated that at higher temperatures (20-33°C), TRPA1-
expressing cells failed to show any activation and changes in calcium influx. However, the other 
cold sensitive channel TRPM8, which was first identified through its sensitivity to cold and 
menthol in vitro (McKemy et al., 2002, Peier et al., 2002) was shown to be involved in this 
response. The majority of TRPM8-expressing cells responded and exhibited increased 
intracellular calcium at temperatures ranging from 19-24°C (Story et al., 2003). These findings 
correlated with previous results from Peier et al. (2002) suggesting that although both TRPM8 
and TRPA1 respond to cold, the temperature threshold for TRPM8 is higher than TRPA1 (Peier 
et al., 2002, Story et al., 2003). The findings from Story et al. (2003) strongly suggested that 
TRPA1-expressing cells are majorly involved in detecting noxious cold stimulus due to its 
lower temperature threshold of activation, whilst TRPM8-expressing cells sense innocuous cold 
and their activation results in a pleasant cooling sensation. Interestingly, a population of 
sympathetic neurons derived from primary cultures of adult mouse superior cervical ganglia 
(SCG) neurons were shown to be sensitive to cold, when temperature was lowered from 25°C to 
10°C, but not menthol. Furthermore, TRPA1 but not TRPM8 mRNA was detected in the 
sympathetic ganglia. It was suggested that cooling may directly affect sympathetic efferent 
activity (Smith et al., 2004) and the role of TRPA1 in mediating this response needs to be 
further validated.  It is evident from these findings that both TRPA1 and TRPM8 are activated 
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by cold, but at different temperature thresholds and hence, more studies investigating cold may 
need to investigate the role of both receptors in cooling-induced responses. 
1.3.8.2 Controversy surrounding TRPA1 as a cold sensor: an unresolved issue? 
Following on from the previous finding, cold (9°C) was shown to activate TRPA1 using 
calcium-imaging studies in cultured rat DRG neurons (Bandell et al., 2004). Nevertheless, Jordt 
et al. showed that 96% of mustard oil-sensitive neurons did not respond to a cold stimulus (5°C) 
and the 4% cold-sensitive neurons also responded to the TRPM8 agonist menthol (Jordt et al., 
2004). Further detailed analysis of the 4% cold-sensitive neurons showed that 95% of these 
neurons responded to menthol, whilst the other 5% showed no response to either cold or 
mustard oil. Cold (5°C) did not activate TRPA1-expressing HEK293 cells, although they 
showed responses to mustard oil. Hence this study showed the controversial finding that TRPA1 
is unlikely to mediate cold sensitivity in cultured trigeminal neurons (Jordt et al., 2004). It is 
worth highlighting here that Jordt et al. investigated cold at a temperature of 5°C in particular 
which may not be dependent on TRPA1 activation or it could also be discrepancies between 
different assays. In addition, further studies in rat DRG neurons showed that menthol-
insensitive neurons required stronger cooling for activation and were not stimulated by mustard 
oil and this study supported that TRPM8 rather than TRPA1 is involved in cold sensing at the 
temperature of 12°C (Babes et al., 2004).  
The conflicting finding about the role of TRPA1 as a thermosensor following the finding by 
Jordt et al. led to the investigation of cold sensation in vivo. Obata et al. (2005) showed that (1) 
there was no overlap between TRPA1- and TRPM8-expressing sensory neurons, (2) CFA 
increases TRPA1 but not TRPM8 expression in TRK1-transforming tyrosine kinase protein 
(trkA)-expressing DRG neurons and (3) intrathecal administration of TRPA1 anti-sense 
oligode-oxynucleotide was shown to decrease cold-induced hyperalgesia in rats (Obata et al., 
2005, Katsura et al., 2006). This study presented evidence to support the role of TRPA1 in 
mediating cold hyperalgesia.  
The controversy surrounding the role of TRPA1 as a cold sensor was expected to resolve by the 
generation of TRPA1 KO mice, but interestingly the generation of TRPA1 KO mice from two 
different laboratories produced even more conflicting results. Kwan et al. showed that there was 
a decrease in cold (0°C) sensitivity or in acetone-induced evaporative cooling of TRPA1 KO 
mice in behavioural experiments as measured by paw withdrawal responses from a cold plate 
test (Kwan et al., 2006). It is worth noting here that these differences were only observed in 
female mice.  
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Nevertheless, in vitro studies using calcium imaging and primary cultured trigeminal neurons 
showed that there was no change in cold (6°C)-induced calcium influx between TRPA1 WT and 
KO mice. In both WT and TRPA1 KO mice, 16.7% of the trigeminal neurons were shown to be 
cold-sensitive and out of these, 78% are menthol-sensitive and 22% menthol-insensitive 
(Bautista et al., 2006). Furthermore, Bautista et al. demonstrated that there was no difference in 
cold sensation in vivo using similar tests as Kwan et al. (2006), where cold plate test 
investigated temperature from -10°C to 20°C and focussed on examining changes in hindpaw 
lifts and shivering (Bautista et al., 2006). No significant changes were observed in terms of 
acetone-induced flinches between TRPA1 WT and KO mice (Bautista et al., 2006). 
Interestingly, Karashima et al. followed up the cold plate (0°C) study using TRPA1 WT and 
KO mice, on a similar genetic background to Bautista et al. (2006) and investigated the pain-
behaviour in details. They found that the latency for the cold-induced first jump in the acute-
cold response phase was significantly lower in TRPA1 KO mice of both sexes when compared 
to respective WT mice, and these responses were not observed when the cold plate was set at 
10°C (Karashima et al., 2009).  In another study, Sawada et al. addressed the controversial cold 
issue by showing that mTRPA1 responds to temperature lower than 18°C in primary cultured 
mouse DRG cells and HEK293 cells, in support with previous findings (Sawada et al., 2007). 
Furthermore, del Camino et al. illustrated clearly that mild cooling (10°C) markedly increases 
TRPA1 agonist AITC-evoked rTRPA1 currents and in the absence of this agonist, mild cooling 
or noxious cold only causes a slight increase in current amplitude in vitro(del Camino et al., 
2010). A similar pattern of findings was shown in vivo where cold hypersensitivity was induced 
in WT mice but not TRPA1 KO mice by subcutaneous treatment of agonist 4-HNE. These 
results suggested that TRPA1 is a primary target of cold hypersensitivity in pathological 
situations that lead to generation of reactive oxygen species and pro-inflammatory activators of 
TRPA1, rather than cold detection (del Camino et al., 2010). 
It is worth noting here that the reason why there is increasing controversial findings of TRPA1 
as a cold sensor may be due to the temperature ranges investigated in the studies. Indeed, it was 
reported that the difference in preparation of TRPA1-expressing cells or stimulation protocol 
(different temperature and incubation time) might affect TRPA1-induced responses (Sawada et 
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1.3.8.3 Generation of TRPM8 KO and TRPA1/TRPM8 DKO 
To be able to distinguish the cold-induced responses between TRPA1 and TRPM8, TRPM8 KO 
mice have been used in numerous studies. TRPM8 KO mice illustrated a large reduction in 
icilin- and menthol-induced responses in a number of cells, as assayed by calcium imaging 
studies (Bautista et al., 2007, Colburn et al., 2007, Dhaka et al., 2007). Using TRPM8 KO mice 
by Dhaka et al. yielded evidence showing that in primary cultured DRG neurons, cold (10°C) 
activates 14.9% of cold-sensitive neurons of WT mice and only 7.6% from TRPM8 KO mice 
(Dhaka et al., 2007). Behavioural studies further demonstrated that TRPM8 KO mice have 
severe behavioural deficits in response to cold stimuli when compared to WT mice and at cold 
temperature (16-20°C), both TRPM8 WT and KO mice show severe avoidance in a temperature 
gradient assay (Dhaka et al., 2007). Interestingly, it was also shown that at sub-zero centigrade 
temperature TRPM8 KO mice have normal nociceptive-like responses, further suggesting that 
another noxious cold receptor may be involved.  
Since the generation of neither TRPA1 nor TRPM8 transgenic mice resolved the conflicting 
findings on cold sensation, it was sought that examining cold sensitivity in TRPA1 and TRPM8 
double KO (DKO) mice was essential. Knowlton et al. showed that there was a dramatic 
reduction in the total number of cold-sensitive neurons in TRPM8 KO or TRPA1/TRPM8 DKO 
when compared to WT mice in calcium imaging studies using trigeminal ganglia neurons 
(Knowlton et al., 2010). Furthermore, no differences in responses were shown between TRPA1 
WT and KO following cold challenge with a cooling gradient from 35°C to 9°C. It has been 
further suggested that TRPM8 expression may compensate for the lack of TRPA1 in TRPA1 
KO mice and hence, the normal contribution of cold responses are observed. The other findings 
from Knowlton et al. studies include (1) behavioural studies which demonstrated that WT mice 
preferred warm temperatures over cold, whilst TRPM8 KO and TRPA1/TRPM8 DKO showed 
no preference, until the temperatures reached the extreme range (5°C), (2) cold mimetic icilin-
nocifensive behaviours were absent in TRPM8 KO and TRPA1/TRPM8 DKO mice, but 
unchanged in TRPA1 KO mice when compared to WT mice and (3) neural activity was 
analysed by investigating the protein expression of immediate early gene c-fos following 
hindpaw stimulation with noxious cold (0°C), TRPM8 agonist menthol or icilin where c-fos 
expression was shown to be significantly decreased in TRPM8 KO and TRPA1/TRPM8 DKO, 
but unchanged in TRPA1 KO when compared to WT mice (Knowlton et al., 2010). This study 
using TRPA1/TRPM8 DKO provided evidence that TRPM8 rather than TRPA1 is the primary 
target for cold sensitivity.  
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1.3.8.4 Recent findings 
Despite the increasing amount of studies aiming to resolve the conflicting results, there is now a 
wealth of papers recently supporting that cold activates TRPA1 directly. Interestingly, it was 
reported that genetic variations in TRPA1 contribute to individual variations according to 
gender in short duration cold pain sensitivity as observed in a European American cohort study 
(Kim et al., 2006). Moreover, a point mutation (N855S) in segment 4 transmembrane of TRPA1 
has been reported to be linked with an autosomal-dominant familial episodic pain syndrome, 
characterised by upper body pain, which is triggered by fasting, cold and physical stress 
(Kremeyer et al., 2010). Kremeyer et al. also presented evidence of a possible role of TRPA1 in 
sensing cold, with enhanced currents observed following application of cold temperatures 
(12°C) in the mutant TRPA1 channel. The mutant channels were shown to be sensitive to the 
TRPA1 antagonist HC030031, further highlighting that the potential therapeutic role of TRPA1 
antagonists in this pain syndrome (Kremeyer et al., 2010, Eid et al., 2008). Moreover, recent 
studies have demonstrated that TRPA1 may function to extend lifespan at cold but not warm 
temperatures, as a TRPA1-null mutant worm had a shorter lifespan than WT at 15°C and 20°C, 
and not 25°C (Xiao et al., 2013).  
It is known from previous studies that reducing the whole body temperature of homeothermic 
mice by 0.3 to 0.5°C can extend longevity by 12% in male mice and 20% female mice (Conti et 
al., 2006), but it is currently unknown whether this is dependent on TRPA1. Recently, cold-
induced longevity in worms was shown to be tissue specific as TRPA1 can function in both 
intestinal cells and neurons, but not muscle and hypodermal cells to modulate lifespan. This 
response is dependent on the activity of calcium, DAF-16 which is the primary transcription 
factor required for extending lifespan and protein kinase 2 (PKC-2) downstream of TRPA1 
activation (Xiao et al., 2013). It remains unknown whether sensory neurons in and surrounding 
peripheral tissues, such as the skin, plays a role in mediating cold-induced longevity in a 
TRPA1-dependent manner.  
Furthermore, although cold (<17°) as detailed in this section has been shown to activate TRPA1 
in several in vitro and in vivo studies, the role of TRPA1 as a cold sensor in the peripheral 
vasculature is unknown. This will be further investigated in the current PhD project, and since 
there is earlier evidence to support that environmental cooling or local cold exposure can 
mediate changes in peripheral blood flow, this concept will be further discussed in Section 1.4.  
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1.4 The effects of cold in the vasculature 
1.4.1 Physiological responses to cold 
Cold exposure to the fingers, ears and toes is known to trigger a ‘Hunting’ reaction, which is 
usually observed over a period of 1h. It consists of a rapid decrease in skin temperature in the 
first few minutes during continuous immersion in ice-cold water and thereafter an increase in 
local skin temperature at 5-15 min following exposure during the rewarming phase. Cyclic 
phase of cooling and rewarming will follow, and Sir Thomas Lewis described this response as 
‘cold-induced vasodilatation’ (CIVD) (Lewis, 1930). A stylised “classic” reaction is illustrated 
in Figure 1.4 (Cheung and Daanen, 2012). The initial short-lived decrease in skin temperature is 
due to peripheral vasoconstriction which is a powerful mechanism required to reduce heat loss 
(Burton, 1955). This vasoconstriction phase is also known to be painful, and may be 
accompanied by 4-fold increase in respiratory frequency and tachycardia (Keatinge and Nadel, 
1965, Leblanc et al., 1975).  
The rewarming phase is where the blood vessels start to dilate, which increases both blood flow 
in the vasculature and local skin temperature.  This phase is very important to prevent frostbite 
injury in extreme cold conditions. The skin temperature can rise by as much as 10°C. It is 
important to note that this response is frequently observed at low environmental temperatures 
(Burton, 1955) and may not be observed following severe cold exposure as local freezing would 
happen before CIVD has had time to develop even when the core body temperature is kept 
constant (Fox and Wyatt, 1962). In terms of responses in the finger, which is a site widely 
studied for CIVD it was earlier argued that the Hunting reaction is one of the four possible 
reactions of blood vessels to extreme cold exposure (Purkayastha et al., 1992). Hence, the other 
responses observed are (1) a continuous vasoconstriction state, (2) slow steady and continuous 
rewarming and (3) a proportional control form where the diameter of the blood vessel remains 
constant after the initial vasoconstriction phase following cold exposure (Purkayastha et al., 
1992, Daanen, 2003).  
However, later studies by Daanen (2001) showed that the Hunting reaction described by Lewis 
(1930) was observed in 210 out of 226 male subjects when the finger was immersed in ice water 
(Daanen, 2001) and hence, it was concluded that majority of the vascular responses to cold 
water finger immersion can be classified as the Hunting reaction. Strong cooling may decrease 
the skin temperature below a threshold for nerve conduction (7-8°C) (Vanggaard, 1975) and 
hence, no information from the periphery is transmitted to the CNS, leading to injury. 
Furthermore, as the core body temperature decreases the occurrence of CIVD decreases 
(Daanen and Van de Linde, 1992), which increases the likelihood of cold-induced injury in 
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hypothermic subjects as seen in soldiers during the extreme cold weather in World War I and II 














Figure 1.4 Parameters derived from a skin temperature profile of a subject’s fingertip 
immersed in cold (5°C for 40 min) water. Finger skin temperature is the most commonly used 
measurement for cold-induced vasodilatation (CIVD), where a small thermocouple is attached 
to the palmar side of the distal phalanx with tape. The measured finger skin temperature during 
the active cooling period indicates the CIVD response occurring underneath the exposed 
cutaneous tissue. The changes in skin temperature are quantified using the terminologies (1) 
Tmin, lowest finger skin temperature before CIVD starts; (2) Tmax, highest finger skin 
temperature during CIVD; onset time, time from immersion to Tmin; amplitude, difference 
between Tmin and Tmax; peak time, time interval between Tmin and Tmax; Tmean, mean finger skin 
temperature over the immersion period, excluding the onset time. Diagram adapted from 
Daanen (2003). 
 
1.4.2 Models of CIVD 
Peripheral areas are preferred to study CIVD including elbows, knees, buttocks, palmar surfaces 
of the fingers, palms of the hands and the sole of the foot as all these sites generate reproducible 
responses of CIVD (Fox and Wyatt, 1962). In animal studies, the tail and paw are areas where 
the CIVD response is observed. Amongst all these sites, the skin itself plays an important role 
as a thermo-detector and the peripheral cold afferent nerve endings are found between the 
dermis and epidermis at approximately 150µm from the skin surface (Adair, 1999). Since the 
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1930s, various studies have investigated the mechanisms underlying CIVD as it is regarded as 
an effective protection against cold-induced injury. A prolonged exposure to wet cold can 
damage nerve and tissue, leading to pain and trenchfoot is a common example of a non-freezing 
cold injury (Daanen, 1991).  
In a recent study, Lee et al. exposed the fingers of human subjects to cold (4°C) water for 30 
min followed by a recovery period of 20 min. A normal pattern of the CIVD response was 
observed in terms of skin temperature and blood flow, with no change in rectal temperature or 
blood pressure parameters. However, there was an increase in finger pain sensation during the 
first 15 min of local cold exposure (Lee et al., 2013). The physiological responses to cooling are 
influenced by the exposure period or frequency and the medium of the cold exposure (air or 
water). The medium of the cold exposure can greatly affect the physiological responses to cold, 
where immersion in cold water (5-20°C) generates a greater CIVD responses than cold air (5-
20°C) due to thermal conductivity, density and heat capacity (Kramer and Schulze, 1948). The 
Hunting reaction is not observed at a temperature greater than 15°C (Hirai et al., 1970, Lewis, 
1930), and the optimal temperature for investigation is 5°C (Hirai et al., 1970). The cold water 
temperature used in most studies range from 0°C to 8°C, and earlier studies used ice (0°C) 
water with latest studies now focussing more on temperatures above 5°C which is known to 
generate less pain (Sendowski et al., 1997).  The CIVD response is also known to be influenced 
by various factors including age, gender, physical fitness, mental stress, cold resistance training, 
diet, alcohol ingestion and tobacco smoking (Daanen, 2003). 
The methods currently used to quantify the amount of vasodilatation following local cold 
exposure include indirect measurements of the diameter of blood vessels such as (1) strain 
gauge plethysmography, (2) laser Doppler flowmeter and (3) skin temperature (Daanen, 2003). 
The strain gauge plethysmography is the technique where a cuff is placed and inflated proximal 
to the measuring site where blood enter and gets trapped into the measured extremity. During 
this phase, there is a linear increase in the circumference as an indication of increase blood flow 
(Elkington, 1968).  
The skin blood flow has a role in thermoregulation and is an important determinant of changes 
in the circulation following local cold exposure, and human skin blood flow is known to drop to 
nearly zero following whole body or local cooling and increase up to 8L/min (~60% cardiac 
output) in heat stress conditions (Charkoudian, 2010). The laser Doppler flowmeter is widely 
used to measure local skin blood flow, where the emitted laser light from an optic fibre probe is 
back scattered from moving red blood cells and creates a shift in frequency, known as the 
Doppler shift. There was debate in the literature regarding the penetration depth of the laser in 
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the skin (Daanen, 2003), but this has now been addressed with the development of new laser 
Doppler systems which is known to penetrate a depth of 1-2mm(Choi and Bennett, 2003). 
Moreover, a good relationship has been observed between laser Doppler flow and forearm 
blood flow (Johnson et al., 1984).  
It is generally accepted that the skin temperature in the hands and digits is strongly correlated 
with cutaneous blood flow, although blood flow itself has a themoregulatory component 
mediated by 80-90% of AVAs (Figure 1.5) and a nutritional component mediated via 10-20% of 
the capillary system (Iwase et al., 2002, Niehof et al., 2006, Ruch et al., 2003). According to the 
CIVD literature, skin temperature has been the most widely used method to quantify changes in 
cutaneous blood flow responses following cold water immersion. This method relies on 
attaching a small thermocouple to the palmar side of the distal phalanx finger or the nail bed 
with a tape, and hence the temperature is a mixture reading of the finger skin temperature and 
the temperature of the surrounding cooling medium. The changes in skin temperature have been 
quantified using different terminologies as illustrated in Figure 1.4 (Daanen, 2003).  It is 
important to note that the characteristics of the Hunting skin temperature response curve may be 
influenced by the ambient or core body temperature (Daanen et al., 1997), as a strong 
relationship has been demonstrated between body temperature and CIVD response (Daanen et 
al., 1997, Flouris and Cheung, 2009). Flouris et al. showed that oscillatory changes in finger 
blood flow in human subjects were related to core body temperature (Flouris et al., 2008).  
Other factors include variability in water temperature and immersion depth, which can both 
influence the presence or magnitude of thermal adaptation. The surface area has also been 
suggested to have an influence, where a large cooled surface area may cause a greater cold 
stimulus (Cheung and Daanen, 2012).  
The rabbit ear is another established model for studying control mechanisms such as vascular 
function, structure and control of cutaneous thermoregulatory blood flow, similar to those in 
human digital circulation (Grant, 1930, Grant, 1931). The rabbit ear model permits direct 
microvascular observations of AVAs (Pollock et al., 1997) and is known to exhibit cyclic 
increases and decreases in blood flow, as observed in the human digits (Grant, 1930, Grant, 
1931). There was an overall reduction in blood flow and cutaneous perfusion in the ear similar 
to the responses observed in human studies, following a cold thermal stress (5-8°C for 10 min) 
in rabbit ears (Smith et al., 1994). This may be due to the similarities in digital and auricular 
vascular receptors and receptor subtypes. It is important to note that the ear microvasculature 
consists of the complex existence of α1-, α2-, and β-adrenergic receptors that may all be 
involved in inducing the biphasic vascular response of different adrenergic receptors. 
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The rat tail is also used as a model to investigate CIVD as it can develop some of the 
pathological conditions during and following cold exposure similar to observations in the 
human fingers and the rat tail demonstrates the cycles of CIVD during cold water exposure 
(Eide, 1976, Gardner and Webb, 1986). Thomas et al. further showed that cold induced 
alteration of cutaneous blood flow as assessed by laser Doppler flowmeter in the rat using a 
non-freezing cold injury model at a temperature of 1°C. The tail exhibits changes of loss of 
thermal sensitivity followed by enhanced thermal sensitivity and, can also manifest several 
characteristics of neural dysfunctions (Thomas et al., 1994). 
The first in vitro model of the Hunting response was characterised by Gardner & Webb (1986) 
using isolated, perfused rat tail arteries in an organ bath when the arteries were cooled to 4-
12°C. Cooling the bath caused a decrease in the flow of arteries and this was followed by a 
dilation phase. This response was further followed by flow oscillations of prolonged low flow 
and brief periods of high flow (Gardner and Webb, 1986). They showed that acute nerve 
denervation with 6-hydroxydopamine was able to block cooling-induced responses (Gardner 
and Webb, 1986). This method was later used by other studies to examine the mechanisms 
underlying cold-induced responses (Chotani et al., 2000). 
Although CIVD has been extensively studied for >80 years, there are limitations in the clarity of 
reported primary studies in terms of protocols and definitions, and hence it is difficult to 
compare results across studies. Although understanding the CIVD nature is important and 
relevant clinically to protect against local cold-induced injury, the mechanisms underlying the 
CIVD response remain unclear or largely speculative and this will be discussed in the next 
section.  
1.4.3  Mechanisms of CIVD 
The mechanisms following local cold exposure was suggested to involve the generation of an 
action potentials in the peripheral cold fibre which release vasodilator substances from the 
peripheral nerve endings (Lewis, 1930). Lewis (1930) illustrated using denervation experiments 
that the CIVD response was dependent on an axon reflex. However, later studies questioned this 
theory as they failed to observe complete inhibition of CIVD in their experiments (Greenfield et 
al., 1951a, Keatinge, 1957, Keatinge, 1961), and this could have been as a result of the 
experimental set up. Hence, the proposed mechanisms for CIVD include (1) the involvement of 
axon reflex,  (2) paralysis of the AVAs and the release of an unknown dilating substance in the 
blood (Aschoff, 1944), (3) blockade of the sympathetic nervous system or (4) effects of cold on 
the vascular smooth muscle activity (Shepherd et al., 1983, Gardner and Webb, 1986). Recent 
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evidence on CIVD in experiments using spinal cold stimulation suggest that spinal cord-induced 
cutaneous vasodilatation in the cooled (<25°C) hindpaw of rats is mediated via a reduction in 
efferent sympathetic activity or the activation of sensory nerves antidromically which releases 
vasodilators (Tanaka et al., 2003). 
The next section will discuss the proposed mechanisms that are still subject to debate in further 
detail. 
1.4.3.1 The involvement of axon reflex in CIVD 
The axon reflex or antidromic vasodilatation theory consists of a reaction whereby cold stimuli 
can excite receptive endings of unmyelinated neurons in the skin and the evoked impulses are 
transmitted centrally and antidromically via the axon branches. This leads to an inhibition of the 
sympathetic nerve communication to the AVAs, and the release of vasoactive substances from 
the excited sensory nerve endings, which causes vasodilatation (Lewis, 1930, Hornyak et al., 
1990). Lewis’ theory was based on studies where it was clearly illustrated that CIVD was still 
present shortly after sympathectomy but completely absent after complete degeneration of 
peripheral nerves (Lewis, 1930).  
Nevertheless, this theory has been questioned by other studies as Greenfield et al. observed that 
CIVD was present, although with reduced amplitude although in several patients without 
somatic innervation when compared to healthy subjects (Greenfield et al., 1951b). Furthermore, 
Daanen and Ducharme (2000) have used strong and painful electrical stimulation to evoke axon 
reflexes in the skin of a cold hand during the hunting reaction in human subjects. They showed 
a clear axon reflex in the warm hand but no observation of any axon reflex in the cold hand, as 
shown in experiments using laser Doppler flowmeter. Hence, it was suggested that axon reflex 
may not be the primary drive for CIVD (Daanen and Ducharme, 2000).  
However, the early initial vasoconstriction following cold exposure is dependent on both intact 
sympathetic and sensory function, suggesting an involvement of an axon reflex (Johnson et al., 
2005).  This theory will be further investigated in the current PhD project by studying the role 
of neuropeptides in cold-induced vascular responses, as generation of axon-reflexes in the 
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1.4.3.2 The role of AVAs and the release of a dilator substance in CIVD 
Blood vessels in the subcutis, also known as AVAs form a direct connection between arterial 
and the venous system and have been suggested to be involved in the underlying mechanisms 
mediating the CIVD response. In thermoneutral conditions, AVAs constrict 2/3 times per min 
causing rapid changes in blood flow (Figure 1.5). Following local cold exposure, AVAs dilate, 
resulting in blood flowing through this shunt and warming the tissue, playing an important role 
in thermoregulation. The ‘Hunting response’ in CIVD is thought to be due to the rhythmic 
relaxation and contraction of the strong muscular wall of the AVAs (Daanen, 1991). The 
number of AVA is not constant as it increases as local blood supply in the periphery increases 
and once, the stimulus is removed the number of AVAs decreases (Hale and Burch, 1960). 
Apart from having a role in thermoregulation, AVAs may also affect blood pressure and blood 
distribution as they are well distributed in the skin (Ciara, 1939, Hale and Burch, 1960). 
Figure 1.5 Schematic diagram illustrating 
arteriovenous anastomosis Arteriovenous 
anastomose (AVA), also known as ‘shunt’ 
regulate blood flow and is thought to be the 
primary mechanical regulator of cold-induced 
vascular response (CIVD). AVAs are 
relatively small vessels with a diameter of 
10µm, which are present to connect the 
arteriole directly to a venule, before the 
arterioles break up into capillary beds. There 
are numerous AVAs in the ears and skin of 
mammals (Clara, 1959, Braverman, 1997).  
 
CIVD has been suggested to be caused by the dilation of AVAs. Below a skin temperature of 
35°C, AVAs constrict whilst below 21°C, AVAs remain closed to conserve heat (Edwards, 
1967, Grant, 1931, Bergersen et al., 1997). AVA vasomotion has been suggested to be due to a 
dilating substance in the blood which is formed when the local temperature decreases under a 
certain threshold, and the increase in blood flow further washes the substance away (Aschoff, 
1944). The concentration of the substance is thought to be dependent on the temperature of cold 
exposure and the vasodilatation is dependent on intact peripheral nerves. This further suggests 
that the vasodilating substance may be released from the peripheral nerves.  
Interestingly, cooling has been shown to reduce adrenergic activation-induced contraction 
(Garcia-Villalon et al., 1992) and increase the release of the potent vasodilator nitric oxide in 
the endothelium of cutaneous blood vessel of rabbit ears, but not in deep arteries following 
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cholinergic stimulation (Fernandez et al., 1994). During the dilatation component of the CIVD 
response, it is known that the skin temperature starts to increase to return near to baseline 
values. Interestingly, nitric oxide has been shown to play an important role in sustained 
cutaneous vasodilation during prolonged local heating (Charkoudian, 2010, Kellogg et al., 
1999). Local heat has been shown to cause shear-mediated nitric oxide release, which produces 
a vasodilatory response (Widmer et al., 2006). The nitric oxide synthase (NOS) enzymes, 
especially neuronal NOS (nNOS) and inducible NOS (iNOS) are known to be temperature 
sensitive and hence, the activity of NOS enzymes might be reduced by mild cooling (Venturini 
et al., 1999). Nitric oxide production was hypothesised to be enhanced by local cooling in the 
early non-adrenergic vasodilatation phase of CIVD and/or reduced during the non-adrenergic 
vasoconstriction phase (Yamazaki et al., 2006). Yamazaki et al. further showed that the initial 
phase of vasoconstriction observed following local cold exposure may be due to nitric oxide 
system inhibition, as shown in studies using the non-selective NOS inhibitor N-nitro L-arginine 
methyl ester (L-NAME). Pre-treatment with L-NAME was shown to reduce basal blood flow by 
reducing tonic nitric oxide production and reduce non-adrenergic vasoconstriction during 
prolonged cooling, without any major changes in non-adrenergic vasodilatation in the early 
phase of cooling (Yamazaki et al., 2006). 
Furthermore, Hodges et al. showed that cooling (24°C)-induced responses in the skin of human 
subjects were similar in sites treated with L-NAME. The addition of nitric oxide with 
exogenous sodium nitroprusside to the L-NAME treated sites was demonstrated to restore 
cutaneous blood flow to its original baseline. Local cooling-induced vasoconstriction was 
absent in sites pre-treated with L-NAME without nitric oxide supplementation. These results 
showed that in addition to increased noradrenaline release, NOS inhibition play a role in driving 
the local cold exposure response (Hodges et al., 2006).   
It may be worth highlighting that other vasodilator mediators in addition to nitric oxide may be 
involved in cold-induced vascular response, which currently needs further investigation and will 
be addressed in this current PhD project. 
1.4.3.3  Role of adrenergic nerves in CIVD 
The sympathetic nervous system can modulate blood flow. The cold pressor test, which 
involves the immersion of human subjects’ hand in cold water, is known to cause a propounded 
physiological response, which includes activation of the sympathetic nervous system (Monahan 
et al., 2004, Victor et al., 1987, Robertson et al., 1979). The responses include an increase in 
arterial blood pressure and myocardial oxygen demand, which is linked to coronary 
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vasodilatation (Antony et al., 1994, Dubois-Rande et al., 1995). Sympathetic stimulation has 
been previously shown to alter the CIVD response but it also appears to be influenced by local 
cooling, independently of the general sympathetic stimulation (Sendowski et al., 2000). 
Eliminating the sympathetic drive is known to be hard to accomplish without adverse side 
effects in humans and hence, Smits et al. investigated the role of the sympathetic system in rat 
paws using a spared nerve injury model (SNI) and complete sciatic lesion (CSL) model (Smits 
et al., 2013a). In that study, there were no changes in the CIVD reaction patterns between CSL, 
SNI and sham-operated rats. This implies that the vascular control may function without 
peripheral nerve innervation and perhaps, local factors such as norepinephrine have more 
influence (Smits et al., 2013a).   
The theory suggests that there is a decrease in norepinephrine release from adrenergic nerve 
endings. Using the in vitro model of CIVD, Gardner and Webb showed that CIVD did not occur 
in the rat tail when norepinephrine was continuously perfused, leading to vasoconstriction 
which suggests that CIVD may only be achieved by reducing transmitter release from 
adrenergic nerve endings (Gardner and Webb, 1986). Earlier studies by Keatinge (1961) 
showed that following ice-water immersion, CIVD was still present in the index fingers of 
human subjects pre-exposed to ionophoresis of adrenaline (Keatinge, 1961). This suggests that a 
major cause of cold-induced vasodilatation is impairment or loss of vascular response to 
constrictor hormones at near freezing point, and a higher concentration of adrenaline is required 
to cause maximal contraction of the blood vessels.  
In human fingers, cooling was shown to augment α2-adrenergic but suppresses α1-adrenergic 
vasoconstriction to noradrenaline, whereas warming produces the opposite effects (Freedman et 
al., 1992). Using isolated saphenous veins of the dog, Rusch et al. showed that cooling (10-
20°C) depresses venous smooth muscle contractility and between the temperature 5 and 10°C 
the adrenergic neurotransmission was interrupted (Rusch et al., 1981). This data provides more 
evidence showing that the continued affinity for noradrenaline combined with neurotransmitter 
inhibition, which may allow the cutaneous veins to constrict during severe cold exposure 
(Rusch et al., 1981).  
The local cooling vasoconstrictor response is known to be dependent on intact noradrenergic 
cutaneous active vasoconstrictor nerves (Johnson et al., 2005). The pharmacological blockade 
of neurotransmitter release from sympathetic vasoconstrictor nerves using bretylium reversed 
the initial phase of local cooling-induced vasoconstriction into a vasodilatation response in the 
cutaneous vasculature (Johnson et al., 2005, Pergola et al., 1996, Pergola et al., 1993). 
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Furthermore, the pharmacological blockade of α- and β-adrenergic receptors was also shown to 
reverse cooling-induced vasoconstriction as cooling continues (Johnson et al., 2005). It is well 
established that there is a decrease in the release of norepinephrine with an increased sensitivity 
of noradrenergic receptors following local cold exposure and this results in a reduction in blood 
flow and tissue temperature. This may lead to reduce noradrenergic neurotransmission and as a 
consequence, there is an increase in blood flow (Gardner and Webb, 1986, Daanen, 2003, Ji et 
al., 2007). 
1.4.3.4 Vascular smooth muscle activity 
The vasoconstrictor response following local cold treatment is necessary to reduce heat loss, 
and usually results from a reflex increase in sympathetic output, with the release of 
noradrenaline and a direct increase in noradrenaline activity on adrenergic receptors. Earlier 
evidence suggests that the smooth muscle activity induced by the simulation of α-adrenergic 
receptors may be depressed or even abolished when the tissue temperature is reduced to low 
levels and a nervous blockade occurs, leading to a vasodilatation response (Folkow et al., 1963, 
Shepherd et al., 1983). Several studies by Keatinge et al. showed that low tissue temperature 
enhances vasoconstriction and below a certain threshold, this inhibited contractility by 
interfering with the crossbridge formation (Keatinge, 1970, Keatinge, 1980). Hence, increased 
blood flow to the finger and raised skin temperature during CIVD are dependent on smooth 
muscle cells relaxation (Bergersen et al., 1999). 
Following on from this earlier evidence, studies by Bailey focussing on the Rho effector, Rho 
kinase have further aided us to understand the mechanism underlying cold-induced 
vasoconstriction in the vascular smooth muscle cells (Bailey et al., 2005).  Rho belongs to the 
Ras family of small GTP-binding proteins and is known to cycle between a GDP-bound inactive 
state and a GTP-bound active state, and regulate actin/myosin-dependent processes in the 
vascular smooth muscle cells (Somlyo and Somlyo, 2003). Smooth muscle myosin ATPases are 
activated by actin after phosphorylating regulatory myosin light chains (MLC) by a calcium-
calmodulin-dependent MLC kinase (MLCK). Conversely, smooth muscle myosin ATPases are 
inactivated after dephosphorylating MLC by a calcium-independent MLC phosphatase (MLCP) 
mechanism. Rho kinase is known to inhibit MLCP, increasing MLC phosphorylation and 
causing vascular smooth muscle contraction, and this mechanism is widely known to be present 
in various vascular beds (Somlyo and Somlyo, 2003). 
Moderate cooling to 28°C was shown to generate mitochondrial reactive oxygen species and 
activate the Rho kinase, which further enables translocation of the silent α2C-adrenergic 
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receptors to the plasma membrane and increase calcium sensitivity of the contractile response, 
in cutaneous arteries from mouse tail arteries (Bailey et al., 2004, Bailey et al., 2005) and equine 
digital veins (Zerpa et al., 2010b, Zerpa et al., 2007, Zerpa et al., 2010a).  Interestingly, 17β-
oestradiol was shown to increase α2C-adrenergic receptors expression and selectively increased 
cold-induced amplification of α2C-adrenergic receptors induced constriction in isolated mice tail 
arteries (Eid et al., 2007). This finding in turn suggests that there is an increase in cold-induced 
vasoconstriction activity under oestrogen-replete conditions that may be an important 
mechanism in studying Raynaud’s phenomenon. Raynaud’s phenomenon is characterised by 
excessive reduced blood flow in response to local cold exposure and it is more common in 
female than male subjects (Roustit et al., 2011).  
It is evident from these findings that VSMC play an important role in cold-induced 
vasoconstriction, which is known to cause local vascular injury. The current PhD project will 
use this known mechanism to evaluate if TRPA1 may drive this cold-induced vasoconstrictor 
response in the vasculature via the involvement of α2C-adrenergic receptors.   
1.4.4 Recent research advances and future direction of cold-induced responses 
Spinal cord stimulation in patients with peripheral vascular diseases such as ischemic leg pain 
can result in beneficial pain relief effects and this is largely secondary to increase in blood flow 
in the lower extremities (Linderoth et al., 1995). However, the mechanisms underlying this 
response remain unknown but Linderoth et al. speculated that there is a reduction in efferent 
sympathetic activity and/or activation of sensory nerves antidromically, which in turn releases 
vasodilators (Linderoth et al., 1995, Linderoth et al., 1991, Linderoth et al., 1992, Linderoth et 
al., 1994). Skin temperature has been suggested to have an effect on the mechanisms underlying 
spinal cord stimulation nerve (Tanaka et al., 2003).  
Interestingly, spinal cold stimulation-induced cutaneous vasodilatation in the cooled (<25°C) 
hindpaw of rats at 60% motor threshold was shown to be mediated by CGRP, as shown in 
experiments using the CGRP receptor antagonist CGRP8-37. CGRP was released via antidromic 
stimulation of the sensory nerves only rather than activation of the sympathetic nerve (Tanaka et 
al., 2003). This results overall suggest that both nerves are involved in the cold-induced 
response but greatly depends on the level of cutaneous sympathetic activity. The contraction 
phase is probably caused by stimulation of α-adrenergic receptors in the smooth muscle wall 
and the relaxation may be caused by a nervous blockade of the sympathetic system. In contrast, 
spinal cold stimulation-induced cutaneous vasodilatation in the moderate cooled (25-28°C) 
hindpaw of rats at 60% motor threshold moderate was predominantly mediated via sensory 
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afferent fibres. This is one of the first pieces of scientific evidence showing the important role of 
the humoral mediator CGRP in cold-induced responses, and this will be further investigated in 
the current PhD project.  
The earlier section focussed on the role of CIVD, which is the blood flow responses observed 
during active local cooling period. Interestingly, other studies have also investigated the 
dynamic vascular responses following the active cooling period, which is generally believed to 
be characterised as rewarming (Smits et al., 2013b). However, this remains a debatable issue in 
the literature. The clear difference between the Hunting response in CIVD and rewarming is that 
the Hunting response consists of a cyclic oscillation in blood flow induced by 
vasoconstrictionand vasodilatation that occurs in extremities on cold exposure (Lewis, 1930), 
whilst rewarming consists of a vasodilator response which stabilises for + 10 min, without any 
observations of either vasodilation or vasoconstriction for up to 20 min (Ruijs et al., 2009, Hu et 
al., 2012). Rujis et al. showed that following cold (14-15°C) stress testing in median or ulnar 
nerve injury patients, there was an active rewarming phase due to vasodilatation after cold 
exposure, and this active rewarming is disturbed in patients with peripheral nerve injury (Ruijs 
et al., 2009). In rats, Hu et al. showed that following cold (0°C) stress, which consisted of 
immersing both hindpaws in cold water for 5 min, there was a rapid decrease in blood 
perfusion, which eventually returned to basal level at about 10 min following the cold stress (Hu 
et al., 2012).  
As detailed above, it is evident that there are clear different patterns in blood flow responses 
during and following the active cooling period, and hence, understanding the mechanisms 
underlying the phenomenon of both responses is important. Indeed, it is clear from the 
information summarised in this chapter that cold-induced vascular response is complex and 
involves an integrated system with the involvement of both sensory and sympathetic nervous 
system. No studies to date have directly investigated all the proposed theory in one specific cold 
model in the peripheral vasculature in vivo and hence, this thesis will address this issue and 
investigate the mechanism underlying cold-induced vascular response, with a potential link to 
TRPA1.  
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1.5  Aims 
The aims of this PhD project were to determine the role of TRPA1 in the regulation of vascular 
blood flow, and to investigate the signalling mechanisms underlying TRPA1-mediated 
vasodilatation. It is hypothesised that cinnamaldehyde and cold activate TRPA1 in the 
peripheral vasculature to mediate changes in blood flow. 
The specific aims of this project are to: 
1. Utilise a murine ear model to investigate the effects of an exogenous TRPA1 agonist 
cinnamaldehyde in quantitative terms of blood flow responses in studies using genetically 
modified mice and pharmacological inhibitors.  
 
2. Investigate the mechanisms underlying TRPA1-dependent vascular mechanisms especially 
relative to cinnamaldehyde, using a pharmacogenetic approach in the mouse ear model.  
 
3. Develop and characterise a local acute model of cold-induced vascular response in vivo in 
the mouse hindpaw to measure cutaneous blood flow and skin temperature.  
 
4. Investigate the involvement of TRPA1, sensory nerves, sympathetic nerves and reactive 
oxygen species in cold-induced vascular response, in terms of blood flow responses in the 
mouse hindpaw using genetically modified mice and pharmacological inhibitors.  
 
5. Investigate the roles of TRPA1, CGRP, adrenergic receptors, superoxide and Rho-kinase 
signalling in mediating the vasoconstrictor or vasodilator component of the cold-induced 
vascular response. 
 




































Chapter 2 – Materials & Methods 
2.1 Animals 
All experiments were conducted in accordance with the UK Home Office Animals (Scientific 
Procedures) Act, 1986 and were approved by the King’s College London Animal Care and 
Ethics Committee. Male and Female CD1 mice (20-30g, 8-12 weeks of age) were purchased 
from Charles River, UK. Mice were housed in in groups of up to 5 animals in a climatically 
controlled environment (22 ± 2°C), on a 12 hour light (7am-7pm)/dark (7pm-7am) cycle, with 
free access to a normal diet and water ad libitum. A range of transgenic mice was utilised and 
their details are documented in section 2.2. Mice of both genders were used for characterisation 
studies with cinnamaldehyde and analysed for gender differences. No differences were observed 
between gender, as shown in Figure 3.1B. Male mice were used for all studies investigating 
cold-induced vascular responses. Transgenic mice were sex- and age-matched with their 
respective WT mice.  
Anaesthesia for non-recovery procedures was induced by an intraperitoneal (i.p.) injection of a 
combination of ketamine (75 mg/kg) (Vetlar, Pfizer) and medetomidine (1mg/kg) (Domitor, 
Pfizer) in saline. A surgical level of anaesthesia was maintained throughout procedures and 
assessed by the absence of a withdrawal reflex upon pinching of a hindpaw or the tail.  
27G needles were used for intravenous (i.v.) injection, 25G needles for i.p. and subcutaneous 
(s.c.) injection, and 30G (BD Micro-Fine insulin syringes, 0.3ml) for intraplantar (i.pl) injection 
into the hindpaw. At the end of experiments, mice were euthanised by cervical dislocation, a 
recognized schedule 1 method. 
2.2 Generation of transgenic mice 
2.2.1 Generation and genotyping of TRPA1 KO mice 
TRPA1 WT and KO mice were gifted by Professor Stuart Bevan (King’s College London, UK). 





domain including the interconnecting pore loop which contains the selectivity filter of TRPA1 
with a cassette containing an internal ribosome entry site (IRES) and a human placental alkaline 
phosphatase gene (PLAP) and a polyadenylation sequence as described previously by Kwan et 
al. (Kwan et al., 2006). Since a truncated product of the TRPA1 gene may still be present and 
cause unwanted side effects, an endoplasmic reticulum (ER) retention signal encoded by the 
amino acid sequence KDEL and a stop codon were placed in the frame with the exon before the 
IRES PLAP cassette (Kwan et al., 2006). Any potential product translated from the TRPA1 
gene was sequestered by the endoplasmic reticulum. The vector was then transfected into a 




mouse embryonic stem cell line where they were injected in blastocysts to generate male 
chimeric mice. These mice were mated with C57BL/6J or B6129PF2/J to produce heterozygote 
animals, which were subsequently intercrossed (Kwan et al., 2006). 
Genotyping of the mice was carried out using endpoint polymerase chain reaction (PCR). 
Genomic DNA was extracted from ear punches or tail snips using commercially available 
REDExtract-N-AMPTM Tissue PCR kit (Sigma Aldrich, UK) and PCR was performed on the 
TRPA1 gene or the cassette using the following primers (Euofins Scientific, Europe). The PCR 
reaction mixture was made up as illustrated in table 2.1. 
TRPA1 WT forward: 5’-TCC TGC AAG GGT GAT TGC GTT GTC TA-3’ 
TRPA1 WT reverse:   5’-TCA TCT GGG CAA CAA TGT CAC CTG CT-3’ 
TRPA1 KO forward:   5’-CCT CGA ATC GTG GAT CCA CTA GTT CTA GAT-3’ 
TRPA1 KO reverse:    5’-GAG CAT TAC TTA CTA GCA TCC TGC CGT GCC-3’ 
A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA and activate the Taq polymerase for 2 min at 94°C, then 34 cycles of 94°C for 30s, 
64°C for 30s, 68°C for 30s were used to amplify the gene of interest. The amplified product was 
then held at 4°C until visualised and analysed by gel electrophoresis on an agarose gel (1.8% 
w/v, Sigma Aldrich) in tris/borate/ethylenediaminetetraacetic acid (TBE; Biorad, UK) with 
images captured under an ultraviolet (UV) camera (Syngene, G-Box). WT bands are located at 
310bp and TRPA1 KO bands at 200bp. Both bands are present in heterozygous animals.  
 
Component  Volume per reaction (µl) 
TRPA1 WT forward (10µM) 0.4 
TRPA1 WT reverse (10µM) 0.4 
TRPA1 KO forward (10µM) 0.4 
TRPA1 KO reverse (10µM) 0.4 






Table 2.1 Endpoint PCR reaction mixture listillustrating the different constituents and 
volumes required per sample for TRPA1 genotyping. 
 





Figure 2.1 Agarose gel illustrating the location of TRPA1 WT and KO DNA. A DNA 
ladder, shown both on the right and left of the gel was used to determine the size of the bands. 
The heterozygote genomic DNA displays a band at both the WT (310bp) and KO (200bp) 
bands. 
2.2.2 Generation and genotyping of TRPV1 KO mice 
TRPV1 WT and KO mice were gifted by Merck, Sharpe and Dohme (The Neuroscience 
Research Centre, Essex, UK). The TRPV1 KO mice were generated by deleting the exon 
encoding part of the 5
th
 and all of the 6
th
 putative transmembrane domains of the TRPV1 
channel, together with the pore-loop region. This was replaced with the phosphoglycerine 
kinase-neomycin (pGK-neo) gene as previously described (Caterina et al., 2000). The TRPV1 
gene is known to be located on the somatic chromosome (11B3). The construct was 
electroporated into 129X1/SvJ-derived JM1 embryonic stem cells and injected into C57BL/6J 
blastocysts. The resulting chimeric animals were crossed to C57BL/6J female mice to produce 
heterozygote animals, which were subsequently intercrossed. Matings between TRPV1 
heterozygous mice can produce offsprings with the expected Mendelian distributions of gender 
and genotype. TRPV1 KO mice were shown to be fertile, viable and largely indistinguishable 
from WT littermates, without observed differences in general appearance, gross anatomy, body 
weight, locomotion and overt behaviour (Caterina et al., 2000).   
Genotyping of the mice was carried out using endpoint PCR. Genomic DNA was extracted 
from ear punches or tail snips using commercially available REDExtract-N-AMPTM Tissue 
PCR kit (Sigma Aldrich, UK) and PCR was performed on the TRPV1 gene or the cassette using 
the following primers (Euofins Scientific, Europe). The PCR reaction mixture was made up as 
illustrated in table 2.2. 
 





TRPV1 WT forward: 5’-CGA GGA TGG GAA GAA TAA CTC ACT G-3’ 
TRPV1 WT reverse:   5’-GGA TGA TGA AGA CAG CCT TGA AGT C-3’ 
Neomycin forward:   5’-TTT TGT CAA GAC CGA CCT GTC C-3’ 
Neomycin reverse:    5’-CCC TCA GAA CTC GTC AAG AAG-3’ 
A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA and activate the Taq for 14.5 min at 95°C, then 35 cycles of 95°C for 45s, 60°C for 
60s, 72°C for 60s, and the final elongation at 72°C for 60s were used to amplify the gene of 
interest. The amplified product was then held at 4°C and analysed by gel electrophoresis on an 
agarose gel (1.8% w/v, Sigma Aldrich) in TBE (Biorad, UK) with images captured under a UV 
camera (Syngene, G-Box). WT bands are located at 188bp and neomycin bands at 700bp, which 
is found in the disrupted gene in the TRPV1 KO mice. 
 
Component  Volume per reaction (µl) 
TRPV1 WT forward (5µM) 2 
TRPV1 WT reverse (5µM) 2 
Neomycin forward (5µM) 2 
Neomycin reverse (5µM) 2 






Table 2.2 Endpoint PCR reaction mixture list illustrating the different constituents and 
volumes required per sample for TRPV1 genotyping. 
 
 





Figure 2.2 Agarose gel illustrating the location of TRPV1 WT and KO DNA. A DNA 
ladder, shown on the left of the gel was used to determine the size of the bands. Bands for 
TRPV1 WT at 188bp and KO at 700bp, representing the neomycin cassette. 
 
2.2.3 Generation and genotyping of TRPM8 KO mice 
TRPM8 WT and KO mice were gifted by Professor Stuart Bevan (King’s College London, 
UK). The TRPM8 KO mice were generated by designing a targeting vector to replace 569bp of 
the genomic sequence within exons 13 and 14, encoding amino acids 594-661 within the 
presumptive cytoplasmic amino-terminal domain of the targeted gene with a neomycin cassette. 
In addition to removing the coding information, a stop codon was introduced before and a 
frameshift after the deleted segment (Bautista et al., 2007). TRPM8 WT (C57BL/6) and KO 
littermates were bred from heterozygotic mice, and matings between heterozygous animals 
generated siblings with normal characteristics with the Mendelian distributions for gender and 
genotype. The resulting TRPM8 KO mice were normal in overall appearance and viability, 
without any differences in core body temperature (Bautista et al., 2007). 
The genotyping of the mice was carried out using endpoint PCR. Genomic DNA was extracted 
from ear punches or tail snips using commercially available REDExtract-N-AMPTM Tissue 
PCR kit (Sigma Aldrich, UK) and PCR was performed on the TRPM8 gene or the cassette 
using the following primers (Euofins Scientific, Europe). The PCR reaction mixture was made 
up as illustrated in table 2.3. 
 
 




TRPM8 WT forward: 5’-CCT TGG CTG CTG GAT TCA CAC AGC-3’ 
TRPM8 WT reverse:   5’-GCT TGC TGG CCC CCA AGG CT-3’ 
Neomycin forward:   5’-TTT TGT CAA GAC CGA CCT GTC C-3’ 
Neomycin reverse:    5’-CCC TCA GAA CTC GTC AAG AAG-3’ 
A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA and activate the Taq polymerase for 3 min at 94°C, then 35 cycles of 94°C for 30s, 
68°C for 60s, 72°C for 60s, and the final elongation at 72°C for 2 min were used to amplify the 
gene of interest. The amplified product was then held at 4°C until visualised and analysed by 
gel electrophoresis on an agarose gel (1.8% w/v, Sigma Aldrich) in TBE (Biorad, UK) with 
images captured under a UV camera (Syngene, G-Box). WT bands are located at 426bp and 
neomycin bands at 500bp which is found in the disrupted gene in the TRPM8 KO mice. 
 
Component  Volume per reaction (µl) 
TRPM8 WT forward (20µM) 0.6 
TRPM8 WT reverse (20µM) 0.6 
Neomycin reverse (20µM) 0.6 






Table 2.3 Endpoint PCR reaction mixture list illustrating the different constituents and 
volumes required per sample for TRPM8 genotyping. 
 
2.2.4 Generation and genotyping of TRPV4 KO mice 
TRPV4 WT and KO mice were gifted by Dr Andrew Grant (King’s College London, UK). The 
TRPV4 KO mice were generated by excising exon 12 of the TRPV4 gene, which codes for the 
pore-loop and adjacent transmembrane domains 5 and 6. This exon was flanked by loxP genetic 
elements and an adjacent neomycin selection cassette was inserted, followed by another loxP 
sites (Liedtke and Friedman, 2003). The targeting vector was electroporated into RW4 
embryonic stem cells and the resulting chimeras were bred with C57BL/6 mice. Heterozygous 
TRPV4 mice were intercrossed to generate TRPV4 KO mice (Liedtke and Friedman, 2003). 
Matings between TRPV1 heterozygous mice can produce offsprings with the expected 
Mendelian distributions of gender and genotype. TRPV4 KO mice were shown to be fertile, 
viable and largely indistinguishable from WT littermates, without observed differences in 




general appearance, gross anatomy, body weight, locomotion and overt behaviour (Liedtke and 
Friedman, 2003).  
The genotyping of the mice was carried out using endpoint PCR. Genomic DNA was extracted 
from ear punches or tail snips using PCR extraction mixture containing Go-Taq polymerase, 
Go-Taq buffer, 10mM nucleotides (Promega, UK) and PCR was performed on the TRPV4 gene 
or the cassette using the following primers (Sigma Aldrich, UK). Primers specific for the 
flanking regions of the exon 12 were used to identify the genotype of the mice. 
The PCR reaction mixture was made up as illustrated in table 2.4. 
Long TRPV4 WT forward: 5’-CAT GAA ATC TGA CCT CTT GTC CCC-3’ 
Long TRPV4 WT reverse:   5’-TTG TGT ACT GTC TGC ACA CCA GGC-3’ 
Short TRPV4 WT forward: 5’-AGG GCG ATA AGC ATG TTC AAC AGG-3’ 
Short TRPV4 WT reverse:   5’-TGC ACC AAC ATG AAG GTC TGT GAC G-3’ 
A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA with different cycle temperature profiles for the long and short transcripts. For the 
long transcript, Taq polymerase is activated for 5 min at 94°C, then 10 cycles of denaturation at 
94°C for 30s, annealing at 68°C for 90s and 72°C for 2 min, another 20 cycles of 94°C for 30s, 
68°C for 90s and extension at 72°C for 2.5 min, followed by a final extension at 72°C for 10 
min; and for the short transcript, Taq polymerase is activated for initial heating at 94°C for 5 
min, 35 cycles of denaturation at 94°C for 30s, annealing at 65°C for 1 min and extension at 
72°C for 1 min followed by final extension at 72°C for 10 min.  The amplified product was then 
held at 4°C until visualised and analysed by gel electrophoresis on an agarose gel (1.8% w/v, 
Sigma Aldrich) in TBE (Biorad, UK) with images captured under a UV camera (Syngene, G-
Box). WT bands are located at 251bp (short transcript) and at 2.1Kb (long transcript), and KO 
bands are located at 1.1Kb (long transcript) without any band for the short transcript.  
Component  Volume per reaction (µl) 
Long TRPV4 WT forward (100µM) 0.08 
Long TRPV4 WT reverse (100µM) 0.08 
Short TRPV4 WT forward (100µM) 0.08 
Short TRPV4 WT reverse (100µM) 0.08 
Genomic DNA sample 2 
Extraction PCR mix 18 
 
Table 2.4 Endpoint PCR reaction mixture list illustrating the different constituents and 
volumes required per sample for TRPV4 genotyping. 


















Figure 2.3 Agarose gel illustrating the location of TRPV4 WT and KO DNA. A DNA 
ladder, shown on the left of the gel was used to determine the size of the bands. Bands for 
TRPV4 WT are at 251bp (short transcript) and 2.1Kb (long transcript), and TRPV4 KO are at 
1.1Kb (long transcript). 
 
2.2.5 Generation and genotyping of α-CGRP KO mice 
α-CGRP WT and KO mice were gifted by Dr Anne-Marie Salmon (Institute Pasteur, France). 
The α-CGRP KO mice were generated by disrupting exon 5 of the calcitonin/ αCGRP gene 
which is specific for α-CGRP and replaced by a cassette containing lacz/CMV/neomycin 
resistance genes (Salmon et al., 1999). The targeting construct was electroporated into HM1 ES 
cells and four clones were selected and injected into C57B1/h6 blastocysts. Following germline 
passage, heterozygous α-CGRP mice were obtained after crossing with the C57BL/6 strain. 
Heterozygous animals were interbred to generate α-CGRP WT, KO and heterozygous mice 
(Salmon et al., 1999). Matings between α-CGRP heterozygous mice can produce offsprings 
with the expected Mendelian distributions of gender and genotype. α-CGRP mice displayed 
normal growth and behavioural characteristics, and have been previously shown to demonstrate 
anti-nociceptive behaviour challenged by morphine (Salmon et al., 1999). 




The genotyping of the mice was carried out using endpoint polymerase chain reaction (PCR). 
Genomic DNA was extracted from ear punches or tail snips using commercially available 
REDExtract-N-AMPTM Tissue PCR kit (Sigma Aldrich, UK) and PCR was performed on the 
αCGRP gene or the cassette using the following primers (Eurofins Scientific, Europe). The PCR 
reaction mixture was made up as illustrated in table 2.5. 
Primer A: 5’-CCC CTA ATG GCC TTG TGA TTG-3’ 
Primer B:   5’-ACC TCC TGA TCT GCT CAG CAG-3’ 
Primer D: 5’-GAT GGG CGC ATC GTA ACC CGT-3’ 
A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA and activate the Taq polymerase for 5 min at 94°C, then 35 cycles of 94°C for 30s, 
56°C for 30s, 72°C for 60s, and the final elongation at 72°C for 7 min were used to amplify the 
gene of interest. The amplified product was then held at 4°C and analysed by gel electrophoresis 
on an agarose gel (1.8% w/v, Sigma Aldrich) in TBS (Biorad, UK) with images captured under 
a UV camera (Syngene, G-Box). WT bands are located at 290bp and KO bands at 420bp. Both 
bands are present in heterozygous animals.  
Component  Volume per reaction (µl) 
Primer A (10µM) 2 
Primer B (10µM) 2 
Primer D (10µM) 2 






Table 2.5 Endpoint PCR reaction mixture list illustrating the different constituents and 
volumes required per sample for CGRP genotyping. 
 
 





Figure 2.4 Agarose gel illustrating the location of α-CGRP WT and KO DNA. A DNA 
ladder, shown on the left of the gel was used to determine the size of the bands. Bands for 
αCGRP WT at 290bp, KO at 420bp and αCGRP HET at 290bp and 420bp. 
2.2.6 Generation and genotyping of NOX4 KO mice 
NADPH oxidase 4 (NOX4)WT and KO mice were gifted by Prof Ajay Shah (King’s College 
London, UK). The NOX4 KO mice were generated by targeted deletion of the translation 
initiation site, and exons 1 and 2 of the gene. A 5’ murine NOX4 genomic DNA fragment was 
isolated from a 129sv DNA BAC library and used to generate a targeting construct containing 
exons 1 and 2 `flanked by loxP sites, a negative-selection diptheria toxin A cassette and a 
positive selection neomycin cassette flanked by Flippase Recognition Target sites. The targeting 
construct was electroporated into 129sv embryonic stem cells, recombinant clones. 
Heterozygous mice generated from the germline chimeras were bred with C57BL/6 Cre-deletor 
mic and Flp-deletor mice to generate heterozygous KO mice. NOX4 KO mice were generated 
by intercrossing progeny and backcrossed with C57BL/6 mice (Zhang et al., 2010). NOX4 KO 
mice displayed normal growth and behavioral characteristics. 
The genotyping of the mice was carried out using endpoint PCR. Genomic DNA was extracted 
from ear punches or tail snips using commercially available REDExtract-N-AMPTM Tissue 
PCR kit (Sigma Aldrich, UK) and PCR was performed on the NOX4 gene or the cassette using 
the following primers (Euofins Scientific, Europe). The PCR reaction mixture was made up as 
illustrated in table 2.6. 
Primer A: 5’-GTT GCT GGC TTC TGC TTC TT-3’ 
Primer B:   5’-AAG CTT CCG ATT CCC ATT CT-3’ 
Primer D: 5’-CTT TGT GTG GTT GCT TAG GAG A-3’ 




A thermal cycler (PTC-225 Peltier Thermal Cycler, MJ Research, USA) was used to denature 
the DNA and activate the Taq polymerase for 2 min at 95°C, then 35 cycles of 95°C for 30s, 
60°C for 30s, 72°C for 30s, and the final elongation at 72°C for 8 min were used to amplify the 
gene of interest. The amplified product was then held at 4°C until visualised and analysed by 
gel electrophoresis on an agarose gel (1.8% w/v, Sigma Aldrich) in TBE (Biorad, UK) with 
images captured under a UV camera (Syngene, G-Box). WT bands are located at 543bp and KO 
bands at 190bp. Both bands are present in heterozygous animals.  
Component  Volume per reaction (µl) 
Primer A (10µM) 0.5 
Primer B (10µM) 0.5 
Primer D (10µM) 0.5 






Table 2.6 Endpoint PCR reaction mixture listillustrating the different constituents and 
volumes required per sample for NOX4 genotyping. 
 
 
Figure 2.5 Agarose gel illustrating the location of NOX4P WT and KO DNA. A DNA 
ladder, shown on the left of the gel was used to determine the size of the bands. Bands for 









2.3  Measurement of cutaneous blood flow 
Cutaneous blood flow in the mouse was assessed using a non-invasive two-channel laser 
Doppler flowmeter (FloLab satellite and server, Moor Instruments, UK) connected to a 
PowerLab data acquisition system, which measures blood flow at a single point of the blood 
vessel (ADInstruments, UK) (Grant et al., 2005, Grant et al., 2004) or Full-Field Laser 
Perfusion Imager (FLPI) (MoorFLPI, Moor Instruments, UK) which assesses blood flow in 
larger areas such as the whole ear or hindpaw (Starr et al., 2008, Graepel et al., 2011).  Both 
techniques have been used widely in various basic and clinical studies as a diagnostic screening 
tool and to explore the microvascular control mechanisms within the cutaneous vasculature 
(Humeau et al., 2007a, Humeau et al., 2007b). For all blood flow measurements recorded in this 
study, mice were anaesthetised with ketamine and medetomidine. 
For the laser Doppler flowmeter, each fibre optic VP5 probe (Moor Instruments, UK) was fixed 
in position over the skin with a normal laboratory manipulator by clamping onto a black acetal 
shank, and placed 2-3mm directly over the surface skin of each ear of the anaesthetised mouse. 
To ensure that measurements are consistent and comparable, each probe was placed on a blood 
vessel branching from the ear artery, approximately at the same point in both ears. Baseline 
measurements for a 5 min period ensured stability and similar flux readings from both ears 
(Grant et al., 2002). The laser Doppler blood flowmeter was equipped with dual channels 
thereby allowing simultaneous measurement of a vehicle-treated site (contralateral ear) and 
cinnamaldehyde-treated site (ipsilateral ear) (Figure 2.6).  
The ear is known as an excellent site to study the microvascular changes, with its simplicity, 
low cost and high reproducibility for microcirculatory responses. The laser Doppler technique 
consists of the physical principle governing the behaviour of all harmonic waves known as the 
Doppler effect as described by Christian Johann Doppler and the set-up is summarised in figure 
2.6. The Doppler probes direct a laser beam to the skin surface via optical fibres than run 
through the probe head. The laser penetrates the skin tissue to approximately 1mm depth and is 
reflected back to the probe head by the optically dense red blood cells in the cutaneous 
vasculature (Figure 2.6) (Vongsavan and Matthews, 1993). The reflected light has two 
components, where the first portion consists of light returning from stationary objects with a 
similar frequency as the transmitted lights, and the second portion is the reflected light off a 
moving object such as red blood cell and thus, undergoes a frequency shift, as dictated by the 
Doppler effect (Powers and Frayer, 1978, Choi and Bennett, 2003). The resultant mixing of 
these two frequencies of reflected light produces a “beat frequency” which is further analysed 
by the laser Doppler machine to generate an indirect measure of red blood cell velocity in form 
of a flow-related variable unit called “flux”. Flux is defined as the product of moving red cells 




in a given volume and the mean net velocity of their movement (Choi and Bennett, 2003, 
Nilsson et al., 1980). Vasodilatation allows a greater number of red blood cells to flow at a 
greater speed through the laser beam thus flux increases linearly with vasodilatation. The 
flowmeter was calibrated weekly according to the manufacturer’s instructions, using a flux 
standard from Moor Instruments, a suspension of polystyrene microspheres in water that move 
according to the rules of Brownian motion to ensure standardisation of recordings (Vongsavan 
and Matthews, 1993). 
 
Figure 2.6 Schematic representation of the experimental set-up showing the laser Doppler 
flowmeter and probes, which contain the optical fibres for blood flow monitoring.  
 
For the FLPI recordings, anaesthetised mice were placed under the scanner with the plantar 
aspect of the hindpaws facing upwards. The scanner was mounted 30cm above the skin surface 
and the exposure time of the camera was set up at 8.3ms for all experiments. The flux values 
were calculated from the selected rectangular regions of interest (ROI) of the whole hindpaw 
skin surface.  
Images were collected every 1 min for up to 10 min pre-treatment, representing baseline and for 
up to 30 min post-treatment. Blood flow traces were created by the image processing software 
MoorFLPI measurement V3.0 (Moor Instruments Ltd, UK) at regular intervals of 4s. The FLPI 
measures to a maximum depth of approximately 1mm in skin, measuring mainly superficial 
blood flow and images blood vessels at the tissue surface. Laser speckle uses a random 
interference pattern produced by the coherent addition of scattered laser light with slightly 




different path lengths. When the skin surface tissue under the scanner is illuminated with a 
diverging infrared beam, this penetrates the tissue to ~1mm depth, producing a granular or 
speckle pattern of different colours, depending on the variations in blood flow imaged by a 
CCD camera integrated into the scanner (Dunn et al., 2001). Both the temporal and spatial 
intensity variations of this pattern is known to contain information about the motion of the 
scattering particles and quantitative flow information. The intensity fluctuation of the speckle 
pattern is known to be more rapid in areas of increased blood flow. Speckle imaging has been 
reported to be used for accurate, high-resolution imaging of real-time assessment of dermal 
tissue and skin blood flow and is very simple to implement, requiring only a standard CCD 
camera and laser (Dunn et al., 2001).  
In this study, both the laser Doppler flowmeter and laser speckle imaging were used to measure 
blood flow responses. Comparison studies examining the similarities and differences between 
both techniques have shown that there was a high correlation (R
2
=0.98) in cerebral blood flow 
measurements in adjacent areas (Dunn et al., 2001). Measurements of flux changes in response 
to various treatments were made over a defined set period of 5-10 min baseline recording pre-
treatment and 30 min recording post-treatment using both techniques as (Pozsgai et al., 2010). 
 
2.4  Treatment protocols 
2.4.1  Cinnamaldehyde-induced blood flow 
Cinnamaldehyde was diluted in vehicle (10% DMSO in ethanol) to give a final solution of 1, 10 
or 30% cinnamaldehyde and a total volume of 20µl was applied topically to the ipsilateral ear 
(10µl on each side of the ear). The contralateral ear was treated in a similar fashion with 20µl of 
vehicle, serving as a control. 10% cinnamaldehyde was shown to generate reproducible blood 
flow responses in preliminary studies as shown in Chapter 3 and hence, was used in subsequent 
experiments. This dose of cinnamaldehyde was used in previous studies evaluating the 
physiological effects of TRPA1 activation in humans and shown to evoke significant 
spontaneous pain, induced heat and mechanical hyperalgesia, cold hyperalgesia and a 
neurogenic axon reflex reaction (Namer et al., 2005). Blood flow was measured at baseline in 
the anaesthetised mice for 5-10 min and the blood flow measurement recordings were paused. 
Cinnamaldehyde (10%) or vehicle was applied topically on the ear and blood flow was 
subsequently measured for 30 min. Special care was taken not to move the mouse or probes 
throughout the procedure. All experiments using cinnamaldehyde administration were 
conducted using laser Doppler flowmetry and images were captured using the FLPI for two sets 
of experiment (Figure 3.1C and 3.2C). 




2.4.2  Capsaicin-induced blood flow 
Capsaicin was diluted in vehicle (100% ethanol) to give a final solution of 10mg/ml and a total 
volume of 20µl was applied topically to the ipsilateral ear (10µl on each side of the ear). The 
contralateral ear was treated in a similar fashion with 20µl of vehicle, serving as a control. This 
dose of capsaicin was shown to generate reproducible blood flow responses in previous studies 
(Grant et al., 2002, Starr et al., 2008) and hence, was used in this study. Blood flow was 
measured at baseline in the anaesthetised mice for 5-10 min, followed by the topical 
administration of capsaicin or vehicle on the ear and blood flow was then measured for 30 min 
(Grant et al., 2002). All experiments using capsaicin administration were conducted using laser 
Doppler flowmetry. 
2.4.3  Mustard oil-induced blood flow 
Mustard oil was diluted in vehicle (Paraffin oil) to give a final solution of 1% solution and a 
total volume of 20µl was applied topically to the ipsilateral ear (10µl on each side of the ear). 
The contralateral ear was treated in a similar fashion with 20µl of vehicle, serving as a control. 
This dose of mustard oil was shown to generate reproducible blood flow responses in previous 
studies (Grant et al., 2005, Fernandes et al., 2011) and hence, was used in this study. Blood flow 
was measured at baseline in the anaesthetised mice for 5-10 min, followed by the topical 
administration of capsaicin or vehicle on the ear and blood flow was then measured for 30 
min(Grant et al., 2005). All experiments using capsaicin administration were conducted using 
laser Doppler flowmetry. 
2.4.4  Cold-induced vascular responses 
Previous studies have provided evidence that TRPA1 may be activated by cold (<17°C), as 
discussed in chapter 1.  Using the TRPA1 KO mice on a similar genetic background to the ones 
used in our current study, Andersson et al. showed that cold stimuli-induced responses were 
significantly reduced in TRPA1 KO when compared to WT mice (Andersson et al., 2008). In 
this study, a model was designed to study the effects of brief local cold exposure on vascular 
blood flow in the hindpaw of mice using the FLPI. 
Mice were anaesthetised with ketamine and medetomidine, and placed in a ventral position on a 
heating mat, maintained at a constant temperature of 36°C. Each hindpaw of the mouse was 
selected as ROI and cutaneous blood flow was assessed using the FLPI. A baseline 
measurement was taken for 5 min. The mouse was subsequently removed from the heating mat 
and the ipsilateral paw was exposed up to the level of the joint between the tibia and the 
calcaneum to cold water (10°C) for 5 min. In one set of experiment, the ipsilateral paw was 




immersed in warm water (26°C) for 5 min. The contralateral hindpaw was left untreated at room 
temperature (~22°C). Hence, this protocol allowed the simultaneous assessment of blood flow 
responses in the cold-treated and control paws in the same mouse which minimised the 
influence of external factors such as the temperature of the cooling medium. Following cold 
water immersion, the hindpaw was dried using soft tissue paper and the mouse was placed back 
in its previous position with little adjustments to ROI. Care was taken to ensure that the animal 
was re-positioned within 1 min following the end of cold treatment and blood flow was 
recorded for 30 min. It is important to note here that no blood flow measurements were taken 
during the cold water immersion period. However, in some experiments, the skin surface 
temperature was measured during the cold water immersion phase (section 2.5). Mice were 
placed on a heating mat throughout the blood flow measurement procedure. All the experiments 
studying cold-induced vascular responses were conducted using the FLPI, focussing on the 
blood flow in the whole area of the hindpaw. 
The response to cooling consisted of an initial reduction in flux, in keeping with 
vasoconstriction, followed by a slow developing sustained increased flux, consistent with 
vasodilatation. This whole response observed following treatment is termed “cold-induced 
vascular response”, and is different from the Hunting response observed in previous published 
CIVD studies, where blood flow responses are assessed during the treatment period. Hence, in 
this study blood flow is being assessed before the treatment (at baseline) and after treatment (in 
the recovering/rewarming phase).  
As discussed earlier in chapter 1, there are many factors such as age, core body temperature, 
ambient temperature, gender and stress that influence cold-induced blood flow or skin 
temperature responses (Flouris and Cheung, 2009, Daanen, 2003). All these parameters were 
taken into consideration in this protocol as all experiments were conducted with (1) young aged 
mice (8-12 weeks), (2) core body temperature was regulated by using a heating mat which also 
prevents the occurrence of reflex vasoconstriction in the untreated contralateral hindpaw 
following cold-water immersion of the ipsilateral hindpaw, (3) the ambient temperature was 
always kept ~22°C, (4) male mice were used for all studies although preliminary studies showed 
no difference in cold-induced vascular response between male and female WT mice and (5) care 
was taken to minimise handling stress prior to beginning the experiment.  
Results are expressed as (1) arbitrary flux units measured as area under the recorded flux 
(response curve) vs time for the entire recording period of 30 min following cold treatment or 
(2) as a measure of maximum % decrease in blood flow from baseline to 2 min following cold 
treatment and maximum % increase in blood flow from 2 min to 30 min following cold 
treatment. Data analysis and representation will be further discussed in section 2.8. 




2.5 Measurement of skin temperature 
2.5.1  Skin surface temperature 
Mice were anaesthetised with ketamine and medetomidine, as described previously and placed 
in a prone position where their legs and tails were stretched out onto a heating blanket and 
allowed to rest for 5 min.  A skin surface temperature sensor was secured via a fine wire 
(T200KC Digitron Instrumentation, UK) on the mouse hindpaw and baseline skin surface 
temperature readings were recorded for 5 min at 1 min interval. Following baseline recordings, 
the mouse hindpaw was then immersed in cold water (10°C) for 5 min, where the skin surface 
temperature was continuously measured at each minute interval. Following the local cooling 
treatment, the mouse hind-paw was dried and changes in hind-paw skin surface temperature 
were monitored for 30 min at 1 min intervals. Time ‘0 min’ represents the end of the cold 
treatment after the cold-treated hindpaw has been dried.  
2.5.2  Subcutaneous temperature 
Mice were anaesthetised with ketamine and medetomidine, as described previously and placed 
in a prone position, where their legs and tails were stretched out onto a heating blanket and 
allowed to rest for 5 min. The temperature sensitive microchip transmitter (idENTICHIP, 
Biothermo, UK) was implanted s.c. in the mouse ventral hindpaw following a small incision in 
the skin (~0.5 cm), which was sutured in a discontinuous pattern using 4-0 coated VICRYL™ 
suture (Ethicon, Johnson & Johnson, UK). Special care was taken to avoid bleeding due to 
blood vessel damage. Mice were monitored for the next 15 min. Baseline subcutaneous 
temperature readings were recorded for 5 min at 1 min intervals using a pocket reader (RE6016; 
Companion animal radio-frequency identification (RFID) microtransponder system; Destron 
Fearing, Minnesota, USA). Following baseline recordings, the mouse hindpaw was then 
immersed in cold water (10°C) for 5 min, where the skin s.c. temperature was continuously 
measured at each minute interval. Following the local cooling treatment, the mouse hind-paw 
was dried and changes in hind-paw skin subcutaneous temperature were monitored for 30 min 
at 1 min intervals. Time ‘0 min’ represents the end of the cold treatment after the cold-treated 
hindpaw has been dried.  
The temperature microchip transmitter consists of a built-in thermometer unit that is powered 
through an electromagnetic field generated by the pocket reader using unique digital 
identification numbers. The specified temperature of this reader is 24-50°C. Time ‘0 min’ 
represents the end of the cold treatment after the cold-treated hindpaw has been dried.  
 
















Figure 2.7 Schematic diagram illustrating the position of the temperature sensitive 
transmitter. The temperature sensitive microchip transmitter (idENTICHIP, Biothermo, UK) 
was inserted subcutaneously on the ventral side of the anaesthetised mouse hindpaw. 









2.6 Drugs administered to mice 
 
Table 2.7 List of doses of drugs with their respective vehicle that were administered to mice. All drugs were prepared fresh on the day of use. Volume 





Vehicle Source References 
1400W 3mg/kg or10mg/kg i.v. saline Sigma Aldrich (Raimura et al., 2013) 
AMTB 10mg/kg i.p. 
10% DMSO in 
saline 
Gifted: Prof.Bevan, UK (Lashinger et al., 2008) 
AMG9810 50mg/kg i.p. 2% DMSO in saline Sigma Aldrich (Gavva et al., 2005) 
Apocynin 20mg/kg i.v. saline Sigma Aldrich (Starr et al., 2008) 
BIBN4096BS 0.3mg/kg i.v. saline Tocris (Starr et al., 2008) 
Catalase 25000U/kg i.v. saline Sigma Aldrich (Starr et al., 2008) 
Capsaicin 10mg/ml Topical (20µl) ethanol Sigma Aldrich 
(Grant et al., 2002, Starr et 
al., 2008, Grant et al., 
2005) 
CGRP8-37 400nmol/kg i.v. saline Sigma Aldrich 
(Grant et al., 2002, Starr et 
al., 2008) 
Cinnamaldehyde 10% Topical (20µl) 
10% DMSO in 
ethanol 
Sigma Aldrich (Namer et al., 2005) 
Deferoxamine 25mg/kg i.p. saline Sigma Aldrich (Starr et al., 2008) 
EMLA 
2.5% lidocaine + 
prilocaine 
Topical (5min) N/A Sigma Aldrich (Hodges et al., 2007) 
Glibenclamide 20mg/kg i.v. saline Sigma Aldrich (Buckingham et al., 1989) 




Guanethidine 30mg/kg s.c. saline Sigma Aldrich (Honda et al., 2007) 
HC030031 100mg/kg i.p. 
10% DMSO in 
saline 






0.05% /5%  
NaHCO3 in saline 
Sigma Aldrich (Starr et al., 2008) 
JP1302 3µg/kg s.c. saline Sigma Aldrich (Sallinen et al., 2007) 
Lidocaine 2% i.pl. saline Sigma Aldrich 
(Moini Zanjani and 
Sabetkasaei, 2010) 
L-NAME 15mg/kg i.v. saline Sigma Aldrich (Starr et al., 2008) 
Mustard-Oil 1% Topical (20µl) Paraffin oil Sigma Aldrich 
(Grant et al., 2005, 
Fernandes et al., 2011) 
N-acetylcysteine 300mg/kg i.p. saline Sigma Aldrich 
(Zwingmann and 
Bilodeau, 2006) 
Phentolamine 5mg/kg i.p. saline Sigma Aldrich (Koganezawa et al., 2006) 
Ruthenium Red 3mg/kg i.p. saline Sigma Aldrich (Cordova et al., 2011) 
SB366791 5mg/kg i.p. 2% DMSO in saline Sigma Aldrich (Aubdool, 2010) 
SMTC 10mg/kg i.v. saline Tocris (Gozal et al., 1996) 
SR140333 480nmol/kg i.v. saline 
Gifted: Dr X.Emonds-
Alt, France 
(Grant et al., 2002, Starr et 
al., 2008) 
Superoxide Dismutase 25000U/kg i.v. saline Sigma Aldrich (Starr et al., 2008) 
TCS5861528 10mg/kg i.p. 2% DMSO in saline Tocris (Wei et al., 2009) 
TEA 6mg/kg i.v. saline Sigma Aldrich 
(Inokuchi et al., 2003, 
Starr et al., 2008) 




TEMPOL 30mg/kg i.v. saline Sigma Aldrich (Starr et al., 2008) 
Y27632 5mg/kg i.p. saline Sigma Aldrich (Buyukafsar et al., 2006) 
Yohimbine 10mg/kg s.c. saline Sigma Aldrich (van Oene et al., 1984) 




2.7  Molecular Biology 
2.7.1 Measurement of gene expression using Real-Time Polymerase Chain Reaction (RT-
PCR) 
2.7.1.1 RNA isolation and purification 
Total RNA was extracted and purified from samples (DRG, ear and hindpaw footpad) from 
treated and untreated mice, using the Qiagen Microarray RNA extraction kit (Qiagen, UK) in 
accordance with the manufacturer’s instructions. Unlike DNA, RNA is very easily and rapidly 
degraded by RNAses and hence, all tissue samples were quickly excised using RNAse/DNAse 
free consumables and stored in 500µl RNAlater solution (Applied Biosystems, Life 
Technologies Ltd, Paisley, UK) for a minimum of 24h at 4°C, followed by long-term storage at 
-80°C until required. Consumables were made RNAse-free using the RNA decontamination 
solution RNAse ZAP (Invitrogen, UK).  
The extraction kit used the QIAzol reagent to induce phase separation by centrifuging the tissue 
homogenate in a solution contained water-saturated phenol and chloroform, producing an upper 
aqueous phase and a lower organic phase (Chomczynski and Sacchi, 1987); the nucleic acids 
such as RNA are separated into the upper phase whilst proteins and other debris are separated 
into the lower organic phase.  
Tissue sample was placed into a microcentrifuge tube containing QIAzol reagent (1ml) and 
5mm stainless steel beads and, was further homogenised in a Tissue Lyser II LT (2-5 min, 
30Hz) using the ‘bead-milling’ method for homogenization whilst ensuring sterility. 
Chloroform (200µl, Sigma, UK) was then added before being centrifuged to initiate phase-
separation and the homogenate was further centrifuged (12000g, 15 min, 4°C). The resulting 
precipitated RNA was sequentially purified and eluted with the silica-based spin columns for 
RNA extraction using ethanol (70% in RNA/DNA free water) and wash buffers (phosphate 
buffers: RW1 and RPE which enable nucleic acids to bind to a silica membrane and, excess 
ethanol and unwanted cellular contents such as protein/DNA to be washed away). Following 
this step, the total RNA (30-50µl) was eluted in nuclease-free water and stored at -80°C until 
reverse transcription, within 6 months of collection.  
2.7.1.2 Measurement of RNA quality 
RNA concentration and purity were determined using the Nanodrop 1000 spectrophotometer 
(Thermoscientific, UK) by measuring absorbance at 260nm (A260) and the concentration 
calculated based on the assumption that 1 unit at A260 corresponds to 40µg/ml RNA. The ratio of 
absorbance at 260 and 280 (A260/A280) values provide a measurement for RNA purity with 




respect to protein contaminants measured at 280nm; and (2) A260/A230 values as an indication for 
ethanol and guanidine contamination which is absorbed at 230nm. An overall ratio close to 2 
(1.8-2.2) suggests good purity (Bustin et al., 2009).  
2.7.1.3 Reverse Transcription 
Isolated total RNA (500ng) was first transcribed into cDNA using the High Capacity RNA to 
complementary DNA (cDNA) kit (Applied Biosystems, UK), as per manufacturer’s 
instructions. Total RNA was aliquoted in nuclease free water (9µl) to produce the required 
concentration, where 20x RT buffer (10µl) and 20x Buffer mix (1µl) was added to the mixtures. 
Samples were then reverse transcribed using a thermal cycler (DNA Engine Tetrad 2 Peltier 
Thermal Cycler) at 37°C for 60 min, 95°C for 5 min and held at 4°C for a minimum of 5 min. 
The cDNA was stored at -20°C until used in qRT-PCR. Samples that underwent reverse 
transcription without the active enzyme were used as negative control.  
2.7.1.4 Quantitative RT-PCR 
Real time PCR amplification was performed using cDNA samples obtained through reverse 
transcription using a SyberGreen based PCR mix  (Sensi-Mix, SYBR-green no ROX, Bioline, 
UK). Briefly, a 10µl reaction mix consisted of SYBR Green (5µl), 0.5µl of each primer (stock 
concentration of 10µM) for the target gene, nuclease free water (2µl) and cDNA (2µl).  
Target genes were amplified using a 3 step program in a real time PCR thermocycler (Rotor-
Gene 6000, Qiagen) under the following conditions: (1) the polymerase enzymes were first 
activated by heating samples to 95°C for 10 min, (2) then subjected to 40 cycles of 95°C for 10s 
to separate strands, 57°C for 15s to anneal primers and 72°C for 10s to amplify products, (3) 
and finally melt at 68-90°C. Details of primers used and their respective PCR products are 
summarised in table 2.1. Target gene expression was expressed as copies/µl, expression values, 
and standardised to the reference genes GAPDH and β-actin, as these genes are expressed at a 
constant level across various conditions. Efficiency of the PCR reaction was assessed by 
examining the melt curves for each reaction to exclude primer-dimer formation and to ensure 
that only one product was amplified. Using the  GeNorm v1.2 software, a normalisation factor 
was obtained, based on the geometric mean of the reference genes included (Vandesompele et 
al., 2002). qRT-PCR was performed on all samples at the same time in order to regulate the 
experimental conditions tightly for direct comparison and minimising experimental errors such 
as degradation of standards, variations in sample preparations, and the efficiency of the reverse 
transcription and PCR amplification.  
  







Table 2.8: List of genes and their primer sequences with amplicon size (base pairs) used 
for qRT-PCR. Working solutions were diluted 1 in 10 from the primer stocks, and all primers 


































F:  GACTGATGGCAAGCATG 















2.7.2  Tissue protein quantification by chemiluminescent Western blotting 
2.7.2.1  Preparation of tissue samples 
Tissue (mouse ear or footpad) were snapfrozen in liquid nitrogen and samples were stored at -
80°C. Tissues were then homogenised in 700µl of sodium-dodecyl sulphate (SDS) lysis buffer 
(50mM Tris base pH6.8, 10% glycerol and 2% SDS) supplemented with 0.02% protease 
inhibitor cocktail (4-(2-aminoethyl) benzenesulfonyl fluoride, pepstain A, bestatin, E-64, 
leupeptin and aprotinin) and phosphatase inhibitor (1 tablet/10ml; PhosSTOP; Roche, UK) in a 
microcentrifuge tube containing 5mm stainless steel beads by the Tissue Lyser II LT(2-5 min, 
30Hz). Tissue homogenates were centrifuged at 13,000rpm for 15min at 4°C to separate 
supernatant containing the protein from tissue debris and fat. Supernatant was collected and 
stored at -20°C.  
2.7.2.2  Determination of protein concentration 
The Lowry copper-based protein assay method was employed to determine the protein 
concentration of the total protein lysates (Lowry et al., 1951). This assay is based on the ‘biuret 
reaction’ where proteins, regardless of composition, form a coloured chelate complex with 
cupric ions in alkaline conditions. Both are maximally sensitive when samples concentrations 
are diluted as necessary to be similar to those of standards (Sapan et al., 1999).  
The conventional Lowry protein assay method was employed (Lowry et al., 1951) using the 
BioRAD Reagent A + Reagent B kit (Bio-Rad, UK). To generate the standard curve, bovine 
serum albumin (BSA, 5μl of 0.1-2 mg/ml) was dissolved in double distilled water (ddH2O). 
Samples were diluted (1:10) in ddH2O, if too concentrated. Both standards and samples were 
loaded in duplicate to clear wells in a 96-well plate, and incubated with 25μl of reagent A and 
200µl of reagent B. The plate was then shaken briefly and incubated at room temperature for 15 
min, following which absorbance was read at 750nm on a micro-titer reader (SpectraMAX 190, 
using the SOFTmaxPRO software, version 3.13, Molecular Devices Corporation, California, 
USA). Protein standard curves were generated by expressing the mean optical density (OD) 
values obtained at 750nm relative to known protein concentration from BSA standards. Protein 
standards with a correlation coefficient of R
2 
> 0.995 were accepted and used to determine 
protein concentration.  
A blank of ddH2O allowed for removal of background absorbance. Furthermore, the reducing 
agents in the lysis buffer used for tissue homogenisation are highly reactive with cupric ions and 
hence, a small volume of SDS lysis buffer was diluted in ddH2O (1:10) and protein 
concentration was determined.  




2.7.2.3  Equalisation of protein loading and SDS-PAGE 
Following protein quantification, 30µg of protein was measured and reduced using 10% 2-
Mercaptaethanol (2-ME) and 0.2% bromophenol blue (BPB, sample dye). Protein samples were 
denatured further at 95
°
C for 5 min. Protein samples along with a pre-stained protein ladder, 
were loaded on to designated lanes of a pre-set SDS-PAGE gel for separation by 
electrophoresis. The gel consisted of a lower “resolving” gel [10% polyacrylamide; 
composition: 3ml of 30% acrylamide (National Diagnosics, UK); 2.25ml of 0.5M Tris-HCl- 
pH8.8; 3.75ml of ddH2O; 45µl of 10% APS (ammonium persulfate) and 15µl 
Tetramethylethylenediamine (TEMED)] and an upper “stacking” gel [5% of polyacrylamide; 
composition: 1.75ml ddH2O, 750µl Tris-HCl-pH6.8, 500µl of 30% acrylamide, 25µl of 10% 
APS, and 10µl TEMED], which was made on the day of use and allowed to set prior to protein 
loading. The final concentration of acrylamide within the gel determines the protein separation 
achieved. 12% acrylamide gel allows for protein separation at MW 20-60kDa; 10% gel for MW 
of 60-100kDa; and 8% gel for MW >100kDa.  
SDS-PAGE gels were run in “running” buffer [composition: 10% Tris-glycine buffer (BioRad, 
USA), 0.5% of 20% SDS-pH7.2 (National Diagnostics)] in ddH2O) at 150V for approximately 
1.5-2h.  
2.7.2.4  Transfer of separated proteins to PVDF membrane and immunoblotting 
Following separation of proteins, the gels and protein blotting membranes (pore size 0.45µM, 
binding capacity: 80-100µg/cm
2
, Biorad, USA) were allowed to equilibrate in transfer buffer 
(10% Tris-Glycine buffers (Biorad, USA), 15% methanol (Fisher Scientific, UK) in ddH2O). 
Polyvinyldiene difluoride (PVDF) membrane was activated in methanol for 5s and all three 
components were assembled in the semi-dry electrophoretic transfer equipment (Biorad, USA). 
The separated proteins were then electro-transferred onto the PVDF membrane and equilibrated 
in transfer buffer at 20V for 2h, using semi-dry electrophoretic transfer equipment. 
The membrane was blocked with 5% skimmed milk powder in PBS 0.01% Tween or 5% BSA 
in Tris Buffered saline (TBS) 0.01% Tween at room temperature for 1h, to prevent non-specific 
binding. Membranes were subsequently washed using PBS/TBS 0.01% Tween for 30 min to 
remove residual blocking solution and left to incubate with primary antibody at 4
°
C overnight. 
Primary antibodies were diluted in PBS/Tween 0.1% or PBS/Tween 0.1% consisting of 3% 
BSA. Membranes were subsequently incubated with appropriate species-specific horseradish 
peroxidase (HRP) conjugated secondary antibody (1:2000 in 3% milk in PBS/0.1% Tween) for 
1h at room temperature. Membranes were subjected to washing with PBS/TBS 0.01% Tween 




for 15min once, followed by three 5-min washes, after primary and secondary antibody 
incubations.   
For chemiluminescence detection, the membrane was incubated with 1ml ECL substrate 
solution (Milipore, UK) for 60 sec and developed in the G-Box gel documentation system 
(Syngene Ingenius Biosystems), with images captured using Syngene 2D gel imaging software. 
Densitometric analysis was conducted using Image J analysis software version 1.32 (NIH, 
USA), which quantifies protein band intensity based on peak area. Amount of eNOS, p-MLC, 
total MLC and nitrotyrosine were expressed relative to the reference protein β-actin, as a ratio in 
arbitrary densitometry units. 
For detection of protein with similar MW, membranes were stripped of bound primary antibody 
prior to probing by incubation with diluted antibody stripping solution (1x of ReBlot Plus, 
Millipore, UK) for 15 min at room temperature. Membranes were subsequently washed with 
5% skimmed milk in TBS Tween 0.01% by three 5 min washes to allow the bound antibody to 
be stripped from the membranes and secondary antibody was incubated for 1h at room 
temperature. Membranes were visualised for any bands using chemiluminescence detection, as 
described above.  
 
 













Table 2.10 Secondary antibody dilutions for immunoblotting. 
  
Primary antibody Species Dilutent Dilution 
Molecular Weight 
(kDa) 
Manufacturer Catalogue number 
eNOS Rabbit 3% BSA in PBS 0.1% Tween 1:500 133 SantaCruz C-20, SC-654 
Total MLC Rabbit 3% BSA in TBS 0.1% Tween 1:500 18 CellSignaling 3672 
p-MLC (Ser19) Rabbit 3% BSA in TBS 0.1% Tween 1:500 18 CellSignaling 3671 
Nitrotyrosine Mouse 3% BSA in PBS 0.1% Tween 1:500 Various Abcam Ab61392 
β-actin Mouse 3% BSA in PBS 0.1% Tween 1:2000 42 Sigma A1978 
Secondary antibody Species Dilutent Dilution Manufacturer Catalogue number 
Rabbit Goat 
3% BSA in PBS 0.1% 
Tween 
1:2000 Millipore AP132P 
Mouse Goat 
3% BSA in TBS 0.1% 
Tween 
1:2000 Millipore AP124P 




2.7.3 Measurement of noradrenaline concentration using Enzyme-Linked Immunosorbant 
Assay (ELISA) 
2.7.3.1  Preparation of tissue samples 
Mice hindpaw footpads were collected at 2 min and 30 min following local cold (10°C) water 
treatment in TRPA1 WT and KO mice and immediately snap-frozen in liquid nitrogen before 
being stored at -80°C until processing. Tissue was homogenised using RIPA lysis buffer 
[composition of 1% NP-40, 0.1% SDS, 50mM Tris-HCl, 150mM NaCl, 0.5% Sodium 
Deoxycholate, 1mM EDTA; pH7.4] (Sigma-Aldrich, UK) containing protease inhibitors 
(1tablet/50 ml, Roche Diagnostics, UK). Tissue homogenates were then centrifuged at 13,000 
rpm for 15 min at 4°C to separate supernatant containing the protein from tissue debris and fat. 
Supernatant was collected and kept on ice until it was used.  
2.7.3.2 ELISA assay 
Noradrenaline concentrations were measured using a commercially available noradrenaline 
ELISA kit (RE59261; IBL International, Hamburg, Germany), based on the sandwich principle. 
Briefly, 20µl of tissue lysates and standards (0-500 ng/ml) and controls (high and low 
concentration of noradrenaline samples) were added to the extraction plates and incubated for 
30 min. Thus, noradrenaline was extracted using a cis-diol-specific affinity gel, acylated and 
then derivatised enzymatically.  
Following extraction, bound noradrenaline (25µl) was eluted from all samples using the release 
buffer (0.1M HCl and colour indicator) and transferred to a 96-well ELISA plate. This stage 
used the competitive ELISA microtiter plate format where the antigen is bound to the solid 
phase of the microtiter plate. The derivatised standards, controls, samples of interest and the 
solid phase bound analyte compete for a fixed number of anti-serum binding sites. Following 
the procedure when the system is in equilibrium, free antigen and antigen-antiserum complexes 
are removed by washing, and the antibody bound to the solid phase is detected by an anti-rabbit 
IgG conjugated to peroxidase where this enzyme catalyses the substrate TMB. 50µl of 
noradrenaline antiserum was incubated with all samples at room temperature for 2h on an 
orbital shaker and the plates were thoroughly washed with diluted washing buffer and 100µl of 
enzyme conjugate was added into each well, and incubated for 1h at room temperature. 
Following a series of washes, the substrate solution pNPP (200µl) was incubated at room 
temperature for 40min and the reactions were subsequently stopped by adding pNPP stop 
solution (50µl). The optical density of each well was measured at an absorbance of 405nm by 
the microtiter plate reader and a standard curve was plotted using the provided standards in the 
commercial kits. Both positive and negative controls were assayed to determine accuracy of the 




extraction and ELISA. A standard curve for the noradrenaline concentrations was plotted to 
determine the concentrations of the unknown samples.  Noradrenaline concentrations were then 
normalised to the tissue protein content of each sample, as determined by Lowry copper-based 
protein assay (previously described in section 2.6.2.2). 
2.7.4  Measurement of CGRP concentration using Enzyme-Linked Immunosorbant Assay 
(ELISA) 
2.7.4.1 Preparation of tissue samples and peptide extraction 
Mice ears were collected at 30 min following vehicle (10% DMSO in ethanol) or 
cinnamaldehyde (10%) treatment, and  hindpaw footpads were collected at 30 min following 
local cold (10°C) water treatment in WT mice and immediately snap-frozen in liquid nitrogen 
before being stored at -80°C until processing. Tissue was homogenised using 5ml/g lysis buffer 
(10mM Tris, pH7.4) and centrifuged at 13,000 rpm for 15 min at 4°C to separate supernatant 
containing the protein from tissue debris and fat. Supernatant was collected, acidified with equal 
amount of buffer A (TFA, 1% trifluoroacetic acid, Phoenix Pharmaceuticals Inc, USA) and 
further centrifuged at 10,000 rpm for 20 min at 4°C. Following centrifugation, the supernatant 
was loaded on an equilibrated SEP-Pak C18 cartridge (Millipore) and equilibration was 
performed by washing once with buffer B (1ml) and three times with buffer A (3ml). The 
peptides were further eluted with buffer B (3ml) and collected into a 5ml tube, evaporated to 
dryness overnight using a freeze dryer.  
2.7.4.2 ELISA assay 
CGRP concentrations were measured using a commercially available CGRP ELISA kit 
(Rat/Mouse; EIA1 Kit; Phoenix Pharmaceuticals Inc, USA), which measures both α- and β-
CGRP, based on the sandwich principle. Briefly, extracted peptides were dissolved in 250µl 
RIA buffer.   
Briefly, 50µl of  tissue lysates and standards (0-100 ng/ml) and positive control were added to 
the immunoplate, which is pre-coated with the secondary antibody with the non-specific 
binding sites blocked. This was followed by the addition of 25µl of the primary CGRP antibody 
and biotinylated peptide. The plate was left to incubate at room temperature for 2h, where the 
secondary antibody can bind to the Fc fragment of the primary antibody whose Fab fragment 
will be completely bound by both the biotylated peptide and peptide standards and/or targeted 
peptides in the samples. The immunoplate was subsequently washed four times using 1x assay 
buffer (350µl/well) and 100µl of streptavidin-horseradish peroxidase (SA-HRP) solution was 
added to catalyse the substrate solution and left to incubate for 1h at room temperature.  




Following the procedure, the immunoplate was further washed several times and the substrate 
solution TMB (100µl) was added and left to incubate at room temperature for 1h. The reactions 
were subsequently stopped by adding 2M HCl (100µl/well) and the optical density of each well 
was measured at an absorbance of 450nm and a standard curve was plotted using the provided 
standards in the commercial kit. A positive control (provided in the kit) was assayed to 
determine accuracy of the extraction and ELISA. A standard curve for the CGRP concentrations 
was plotted to determine the concentrations of the unknown samples. CGRP concentrations 
were then normalised to the tissue protein content of each sample, as determined by Lowry 
copper-based protein assay (previously described in section 2.6.2.2). Although cross-reactivity 
occurs with all the forms of CGRP (78.6% with CGRPII rat and 20.1% human) and to a certain 
degree with CGRP from other species (100% with rat and 15.1% with human), it is not cross-
reactive with closely related peptides such as calcitonin (0%) and amylin (<0.01%).  
2.7.5 Measurement of superoxide levels using Lucigenin 
Superoxide release from fresh skin samples was measured by chemiluminescence using 
lucigenin as a probe (Fernandes et al., 2013, Guzik and Channon, 2005). Mice ears were 
collected at 30 min following vehicle (10% DMSO in ethanol) or cinnamaldehyde (10%), and 
hindpaw footpads were collected at 2 min and 30 min following local cold (10°C) water 
treatment in TRPA1 WT and KO mice and added in an Eppendorf tube each containing 100µl 
of modified Kreb’s buffer (composition: 131mM NaCl, 5.6mM KCl, 25mM NaHCO3, 1mM 
NaH2PO4·H2O, 5mM glucose, 5mM HEPES, 100µM L-arginine, 2.5mM CaCl2, 1mM MgCl2 
and 100µM NADPH) and kept on ice. 100µl of Krebs’ buffer containing lucigenin (bis-N-
methylacridinium nitrate; 10mM) and NADPH (500µM; Sigma-Aldrich, UK) was added to the 
samples in the presence or absence of superoxide dismutase (SOD; 50U/ml; Sigma-Aldrich) and 
left to incubate at room temperature in the dark for 5 min. Chemiluminescence was recorded 
after 4 min using a GloMax 20/20 luminometer (Promega, UK). Tissue protein concentration of 
each sample was also determined using Lowry copper-based protein assay (previously described 
in section 2.6.2.2). Results are expressed as the difference in the relative light units per mg of 
protein in the presence and absence of SOD after subtraction of background luminescence.  
2.7.6 Measurement of H2O2 using Amplex Red 
H2O2 levels were measured by the Amplex Red H2O2/Peroxidase Assay kit (Invitrogen, UK) 
(Keeble et al., 2009). Mouse ears were collected at 30 min following vehicle (10% DMSO in 
ethanol) or cinnamaldehyde (10%) treatment, and hindpaw footpads were collected at 30 min 
following local cold (10°C) water treatment in WT mice, snap frozen in liquid nitrogen and 
stored at  -80°C until assayed. Tissues were homogenised in a phosphate buffer (0.05M NaPO4, 




pH 7.4, 1ml/sample) containing sodium azide (0.01M) to inhibit catalase activity in the samples. 
The homogenates were centrifuged at 4°C for 10 min at 10,000 rpm and the supernatants were 
filtered through Millipore tubes (0.5µM pore diameter) by centrifugation at 4°C for 2 min at 
10,000 rpm. 100µl of sample and H2O2 standard (0-40 μM) were added in each well of a 96-well 
plate, followed by an addition of 100µl of solution containing 0.05M NaPO4 (pH7.4), HRP 
(0.2U/ml), and Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine; 25.7 μg/ml) and left 
to incubate for 2h at 37°C. Absorbance was read at 560nm by the microtiter plate reader and the 
readings obtained for samples incubated in the absence or presence of Amplex Red reagent 
were compared to a H2O2 standard curve (0-40 μM). Tissue protein concentration of each 
sample was also determined using Lowry copper-based protein assay (previously described in 
section 2.6.2.2). Results are expressed as the difference between samples incubated in the 





















2.8 Experiment design and analysis 
Most of the experiments will involve four groups. I have therefore used power analysis for a 
two-way ANOVA design, using previous published data from the mouse ear model and 
hindpaw vasculature investigating neurogenic vasodilatation (Graepel et al., 2011, Grant et al., 
2005, Pozsgai et al., 2010, Aubdool, 2010). For confidence at the 0.05 (5%) with power at 0.8% 
(80%) and the effect size of medium (0.75), a minimal size groups of n=8 is recommended.  
Results are expressed as mean + standard error of the mean (S.E.M.) unless otherwise stated. 
Statistical analysis was performed using two-way ANOVA (analysis of variance) followed by 
Bonferroni post hoc tests or unpaired student’s t-test by the GraphPad Prism software version 
6.0. P values < 0.05 were considered statistically significant.  
2.8.1 Cinnamaldehyde-induced blood flow data analysis 
The typical response to cinnamaldehyde involves an initial gradual increase in blood flow, 
which stays constant over the recording period, as a result of sustained vasodilatation. Blood 
flow data to cinnamaldehyde-induced responses was expressed as area under the recorded flux 










Figure 2.8 Representative trace demonstrating the time-course for a blood flow response 
following the topical administration of cinnamaldehyde to the mouse ear. Baseline blood 
flow was measured for 5 min, cinnamaldehyde (10%, CA) was administered topically on the 
mouse ear and blood flow resumed for another 30 min. Data was analysed as mean area under 
the response curve (shaded area) in the 30 min following treatment.  
 




2.8.2 Cold-induced vascular response data analysis 
The typical response to local cooling (10°C) in the mouse hindpaw involves a rapid, transient 
decrease in blood flow from baseline followed by an increase in blood flow to return to baseline 
levels to maintain the normal function of the vasculature. Figure 2.9 summarises the 
temperature profile of this response and the parameters derived to analyse this response. In this 
study, blood flow data to cold-induced vascular responses was expressed as  
(1) Area under the response curve (recorded flux vs. time trace) for the entire recording period 
(30 min) following the cold treatment when the cold-treated hind paw was dried. Area under the 
curve (AUC) was calculated using GraphPad Prism software 6.0, with set baseline value 
following cold water immersion.  
(2) Net vasoconstriction which was the % change in blood flow at ~2 min following local cold 
water immersion from baseline. This was calculated from the recorded flux values (arbitrary 
units) at ~2 min following local cold water immersion and recorded flux values at baseline.  
(3) Net vasodilatation which was the % change in blood flow at 30 min from ~2 min following 
local cold water immersion. This was calculated from the recorded flux values at 30 min and ~2 
min following local cold water immersion.  
In naïve conditions for a normal response, if there is, for example, a 50% decrease in blood flow 
from baseline (net vasoconstriction), this will be followed by approximately a 50% increase in 
blood flow to near basal levels (net vasodilatation). Hence, the magnitude of vasoconstriction 
directs the vasodilatation phase.  
If a pharmacological antagonist reduces the vasoconstrictor phase, this will in turn requires less 
vasodilatation to return blood flow to baseline. However, some drugs may have an effect on the 
net vasodilatation phase and hence, in these situations the net vasoconstriction will be the same 
as in normal conditions, with a reduction in the vasodilator component of the cold-induced 
vascular response. In these experiments, blood flow does not return to baseline following the 









The mathematical calculations used to derive net vasoconstriction and vasodilatation are as 
follows: 
                     
                                
         
       
 
                   
                                           
                     
















Figure 2.9 Representative trace demonstrating the time-course blood flow responses to 
local cold (10°C) water immersion in the mouse hindpaw. Baseline blood flow was measured 
for 5 min, the ipsilateral paw was immersed in cold water for 5 min, and blood flow was 
subsequently measured for 30 min post cooling. Parameters derived from this blood flow profile 
response are (1) Baseline, mean blood flow flux value during the 5 min recording before local 
cold water immersion, (2) Peak vasoconstriction, the lowest blood flow value which is usually 
at 2 min following local cold exposure, (3) Peak vasodilatation, the highest blood flow value 
which is usually when the blood flow returns to baseline following the initial cold-induced 
vasoconstriction response. Cold-induced vascular response represents the total vascular changes 
happening in the mouse hindpaw for 30 min following cold water immersion and these data are 
analysed as area under the response curve (shaded area), expressed as blood flow (x10
3
 flux 
units).   























Chapter 3 – Investigating cinnamaldehyde-induced vasodilatation 
3.1 Introduction 
The skin is a thermoregulatory site, with an extensive and well-developed microcirculation 
(Braverman, 2000). The mouse ear model has been previously used in this laboratory to 
investigate neurogenic vasodilatation after topical application of the TRPV1 agonist capsaicin 
(Grant et al., 2002, Starr et al., 2008) and the TRPA1 agonist mustard oil (Grant et al., 2005, 
Pozsgai et al., 2010). The external ear itself is known as a useful organ to study cutaneous 
vascular reactivity as its anatomical structures including AVAs and nerves, are well represented 
to study the physiology and pharmacology of vascular neuroeffector systems (Eghianruwa and 
Eyre, 1991, Kalsner, 1972).  The major divisions of the ear consist of the outer, middle and 
inner ear, and the cranial VIII nerve. The outer ear is typically used to investigate peripheral 
mechanisms. The mouse ear is innervated by the sensory nerves from the cervical spinal levels 
(C2-C4) and motor neurons from the facial nucleus, which project to the medullary 
somatosensory nuclei (MSN) in the brainstem (Holstege et al., 1977).   The cranial nerve VIII 
contains afferent fibres, which target the sensory epithelia of the inner ear. The neurons in the 
rostral ventrolateral medulla (RVLM) of the brainstem have been implicated in controlling the 
ear pinna blood flow (Blessing and Nalivaiko, 2000).  
As discussed previously in chapter 1, cinnamaldehyde (10%) has also been demonstrated to 
induce heat and mechanical hyperalgesia in human forearm (Namer et al., 2005), but it remains 
unknown whether this response is dependent on TRPA1. Recent studies from this group using 
laser Doppler flowmetry have shown that cinnamaldehyde (i.pl.) in mice triggered a significant 
increase in blood flow which was significantly reduced in TRPA1 KO mice (Pozsgai et al., 
2010).  
The aim of this PhD project was to investigate the mechanisms underlying TRPA1-mediated 
vasodilatation in the mouse ear model using pharmacological inhibitors and genetically 
modified mice. Cinnamaldehyde was chosen as it was previously reported to be a selective 
TRPA1 agonist (Bandell et al., 2004, Bodkin and Brain, 2011). It is hypothesised that 
cinnamaldehyde activates TRPA1 selectively and causes vasodilatation via the release of the 
neuropeptides CGRP and substance P, and may also involve generation of reactive oxygen 
species.   





3.1.1 Brief methods 
Using the non-invasive two-channel laser Doppler flowmeter, cinnamaldehyde-induced vascular 
responses were studied, as detailed in Chapter 2 (section 2.4). Briefly, skin blood flow was 
measured concomitantly in both ears of mice anaesthetised with ketamine (75mg/kg) and 
medetomidine (1mg/kg). A probe, allowing blood flow to me measured precisely at one point in 
the ear skin (1mm
2
 and to 1-2mm depth) was placed on each ear and a baseline reading was 
obtained. Cinnamaldehyde (10%) was topically applied to the ipsilateral ear and vehicle (10% 
DMSO in ethanol) to the contralateral ear. Blood flow recordings were taken for 30 min and 
data was collected as arbitrary flux units, which are proportional to blood flow.  
Initial studies investigated cinnamaldehyde-induced blood flow responses in both male and 
female CD1 WT mice, and all subsequent further experiments were conducted in male CD1 
mice. All the blood flow results presented in this chapter are derived from laser Doppler 
flowmeter and expressed as AUC, as detailed in section 2.8.Some images were captured using 
the FLPI for two sets of experiments (Figure 3.1C and 3.2C).A range of pharmacological 
inhibitors was used to investigate the mediators involved in mediating cinnamaldehyde-induced 
vasodilatation (section 2.6). 
Ear tissue samples were collected at 30 min following cinnamaldehyde or vehicle treated of WT 
mice and ex vivo analysis was conducted to investigate CGRP levels using ELISA, superoxide 
release using Lucigenin assay, H2O2 generation using AMPLEX RED assay, mRNA gene 
expression using qRT-PCR as well as eNOS and nitrotyrosine protein expression using western 
blotting (section 2.7).   






3.2.1 Characterisation of cinnamaldehyde-induced vasodilatation in the mouse ear model 
Cinnamaldehyde (1-30%, 20µl) or vehicle (10% DMSO in ethanol, 20µl) was applied topically 
to the ears of male or female CD1 mice (n=5) and caused an increase in blood flow, which was 
significant at 3% and 10% as compared to respective vehicle-treated ears (Figure 3.1A). A dose 
of 10% cinnamaldehyde generated reproducible results, with a gradual increase in blood flow at 
10 min onwards following topical application (Figure 3.1C-D) which remained constant for the 
30 min duration recording period. This dose was chosen for subsequent studies to investigate 
the mechanisms underlying this vasodilatation. Interestingly, this chosen dose was used 
previously on human forearm (Namer et al., 2005) and shown to sensitise the C fibre-mediated 
noxious heat withdrawal, as shown by a significant reduction in the withdrawal latency 
(Dunham et al., 2010).  Additionally, there was no change in cinnamaldehyde-induced 
vasodilatation between male and female CD1 mice (n=5, Figure 3.1B).  
  





















Figure 3.1 Effects of cinnamaldehyde (CA) on blood flow responses in the ears of CD1 
mice using laser Doppler techniques. 
Blood flow (x 10
3
 flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (1-30%) or vehicle (10% DMSO in ethanol). Results recorded over 30 min and 
shown as mean + S.E.M. A) Effects of 1% to 30% of cinnamaldehyde on peripheral blood flow 
in male CD1 mice (n=5), B) No gender differences in 10% cinnamaldehyde-mediated 
vasodilatation in the peripheral vasculature (n=5), C) Representative traces of blood flow 
responses assessed by laser Doppler flowmeter vs. time trace at baseline and following topical 
application of 10% cinnamaldehyde. An upward deflection is proportional to an increase in 
blood flow, D) Representative images as observed by the Full-Field Laser Perfusion Imager 
alongside grey/black scale ‘photo’ image showing blood flow recorded at baseline and over 30 
min for cinnamaldehyde-treated ear in male in CD1 mouse. *p<0.05, **p<0.01, ***p<0.001 
compared to respective vehicle-treated ears of CD1 mice using Student’s t test or 2-way 





















































































































3.2.2 Role of TRPA1 in cinnamaldehyde-induced blood flow 
The non-selective cation channel blocker ruthenium red (3mg/kg, i.p., 30 min) was initially 
used to investigate the role of TRP channels in mediating cinnamaldehyde-induced 
vasodilatation. There was a significant attenuation in blood flow responses following 
cinnamaldehyde application compared to control pre-treated group (p<0.05, n=4-5, Figure 
3.2A). The role of TRPA1 was subsequently investigated using TRPA1 WT and KO mice. As 
shown by the representative image, cinnamaldehyde-induced vasodilatation was significantly 
decreased in TRPA1 KO as compared to WT mice (p<0.001, n=4, Figure 3.2B-C). The non-
selective calcium-operated potassium channel blocker tetraethylammonium chloride (TEA) was 
administered at 6mg/kg (i.v., 5 min) and was demonstrated to significantly decrease 
cinnamaldehyde-induced vasodilatation compared to control pre-treated group (p<0.001, n=3, 
Figure 3.2D). 
TRPA1 antagonists were used to further confirm the role of TRPA1 in this response and 
surprisingly, the TRPA1 antagonist TCS5861528 (10mg/kg, i.p., 30 min) failed to block the 
cinnamaldehyde-induced vasodilatation (Figure 3.3A) to a similar level as seen previously in 
the TRPA1 KO mice (Figure 3.2B). TCS5861528 at this current dose was previously shown to 
attenuate mechanical hypersensitivity in diabetic rats in vivo and to inhibit the ability of TRPA1 
agonist (mustard oil and 4-HNE) to induce calcium influx in human TRPA1 transfected HEK 
cells using calcium imaging studies (Wei et al., 2009).  
The selectivity of TCS5861528 for TRPA1 and TRPV1 channels were further characterised in 
this mouse model. Topical application of the TRPA1 agonist mustard oil caused a significant 
increase in blood flow as compared to vehicle-treated ear (p<0.001, n=3) in the control group, 
as expected and this is in agreement with previous findings (Aubdool, 2010). However, pre-
treatment with TCS5861528 significantly reduced mustard oil induced vasodilatation (p<0.01, 
n=3-4, Figure 3.3B) but not to a lesser degree than that previously shown in TRPA1 KO mice 
(Pozsgai et al., 2010).  
The TRPV1 agonist capsaicin induced a significant increase in blood flow, as expected and this 
is in agreement with previous findings (Aubdool, 2010). Interestingly, this response remains 
unchanged with pre-treatment of TCS5861528 (Figure 3.3C). The data here suggests that 
although TCS5861528 acts on TRPA1 and not TRPV1, at the dose of 10mg/kg it does not 
inhibit cinnamaldehyde-induced vasodilatation.   
The role of TRPA1 in mediating cinnamaldehyde-induced vasodilatation was further confirmed 
using the well-characterised TRPA1 antagonist HC030031 (100mg/kg, i.p.) (McNamara et al., 
2007). Cinnamaldehyde-induced vasodilatation was inhibited in WT mice pre-treated with 
HC030031 as compared to control groups (n=4-5, p<0.001, Figure 3.3D). It may be worth 





highlighting here that although the dose of HC030031 is 10-fold higher than TCS5861528, it 
has been previously characterised in several studies and shown to be selective for TRPA1, as 
discussed earlier in chapter 1. These results highlight the role of TRPA1 in mediating 
cinnamaldehyde-induced vascular responses.   




























Figure 3.2 Role of TRPA1 in cinnamaldehyde-induced vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of cinnamaldehyde 
(CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. Results recorded 
over a 30 min period and shown as mean + S.E.M. A) Effects of pre-treatment of the non-
selective cation channel blocker Ruthenium Red (3mg/kg, i.p., n=4) or control (saline, i.p., n=5) 
on cinnamaldehyde-induced vasodilatation in male CD1 mice using laser Doppler flowmeter, 
B) Cinnamaldehyde-induced vasodilatation in the ears of male TRPA1 WT and KO mice 
(n=4),C) Representative images as observed by the Full-Field Laser Perfusion imager where 
blood flow was recorded at baseline and 30 min post application in male TRPA1 WT and KO 
mouse and D) Effects of pre-treatment of tetraehylammonium (TEA, 6mg/kg, i.v., n=3) or 
control (saline, i.v., n=3) on cinnamaldehyde-induced vasodilatation in the ears of CD1 mice 
using laser Doppler flowmeter. ***p<0.001, compared to respective vehicle-treated, #p<0.05, 
###p<0.001 compared to CA-treated ears of CD1 mice using 2-way ANOVA followed by 





















































































































Figure 3.3 Effects of TRPA1 antagonists on cinnamaldehyde (CA)-induced blood flow 
responses in the peripheral vasculature 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of cinnamaldehyde 
(CA), mustard oil (MO) or capsaicin using laser Doppler techniques. Results recorded over 30 
min period and shown as mean + S.E.M. Effects of pre-treatment with the TRPA1 antagonist 
TCS5861528 (10mg/kg, i.p., 30 min) or control (2% DMSO in saline,i.p., 30 min) in male CD1 
mice ears following topical application of 20µl of A) cinnamaldehyde (10%) or vehicle (10% 
DMSO in ethanol) (n=5), B) mustard oil (1%) or vehicle (paraffin oil) (n=4-5) and C) capsaicin 
(200µg) or vehicle (ethanol) (n=3-4). D) Cinnamaldehyde-induced vasodilatation after the pre-
treatment with the TRPA1 antagonist HC030031 (100mg/kg, i.p., 30 min) or control (10% 
DMSO in saline) in male TRPA1 WT mice (n=4-5).  **p<0.01, ***p<0.001 compared to 
respective vehicle-treated, ##p<0.01, ###p<0.001 compared to CA-treated ears of mice using 2-



































































































































3.2.3 Role of other TRP channels in cinnamaldehyde-induced vasodilatation 
The possible contributions of other TRP channels such as TRPV1 and TRPM8 to 
cinnamaldehyde-induced vasodilatation were investigated in genetically modified mice. TRPA1 
receptors have been previously shown to be co-expressed with TRPV1 in sensory neurons 
where I recently demonstrated that the TRPA1 agonist mustard oil-induced vasodilatation is 
potentiated in TRPV1 KO mice or WT mice pre-treated with the TRPV1 antagonist SB366791 
compared to mice pre-treated with control (Aubdool, 2010). There was no significant change in 
cinnamaldehyde-induced increase in blood flow in the ears of WT and TRPV1 KO mice (n=5, 
p>0.05, Figure 3.4A). 
The potential involvement of the cold-sensitive TRPM8 channels was also investigated in 
cinnamaldehyde-induced vasodilatation using the TRPM8 antagonist AMTB (10mg/kg, i.p.). 
This dose was previously shown to antagonise TRPM8 in volume-induced rhythmic bladder 
contraction studies in anaesthetized rat (Lashinger et al., 2008). Our results show that there was 
no significant difference in cinnamaldehyde-treated ears in AMTB-treated WT mice compared 
to control-treated WT mice (n=5, p>0.05, Figure 3.4B).   














Figure 3.4 Role of other TRP channels in cinnamaldehyde-induced vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. 
Results recorded over a 30 min period and shown as mean + S.E.M. Cinnamaldehyde-induced 
vasodilatation in the ears of A) TRPV1 WT and KO mice (n=5) and B) in male CD1 mice pre-
treated with the TRPM8 antagonist AMTB (10mg/kg, i.p., 30 min) or control (10% DMSO in 
saline, i.p., 30 min) (n=5). **p<0.01, ***p<0.001 compared to respective vehicle-treated ears 







































































3.2.4 Role of neuropeptide CGRP and substance P in cinnamaldehyde-induced vasodilatation 
Both CGRP and substance P are vasodilator neuropeptides and their role in mediating 
neurogenic vasodilatation has been well established (Aubdool and Brain, 2011). Their 
contribution in mediating cinnamaldehyde-induced vasodilatation was investigated in WT mice. 
Co-administration of the CGRP receptor antagonist CGRP8-37 and the NK1 receptor antagonist 
SR140333 caused a significant decrease in cinnamaldehyde-induced vasodilatation as compared 
to control-treated mice (n=4, p<0.001, Figure 3.5A). The data presented here suggest that both 
neuropeptides may be involved in cinnamaldehyde-induced blood flow responses. This 
evidence led to investigating whether both neuropeptides are equally involved in inducing 
cinnamaldehyde-induced vasodilatation in gene expression and blood flow studies. At 30 min 
following topical treatment of cinnamaldehyde (10%), there was a significant decrease in the 
mRNA expression of the TAC-1 gene, which encodes substance P when compared to vehicle-
treated ears (n=5, p<0.05, Table 3.1). However, there was no significant change in 
cinnamaldehyde-induced blood flow responses in SR140333-treated WT mice compared to 
control-treated WT mice (n=4, p>0.05, Figure 3.5B), suggesting that substance P may not be 
involved in this response.  
CGRP protein levels were investigated using ELISA in cinnamaldehyde-treated and vehicle-
treated ear samples at 30 min following topical application. There was a significant decrease in 
CGRP levels in cinnamaldehyde-treated compared to vehicle-treated ear tissue homogenates of 
WT mice (n=6, p<0.01, Figure 3.6). However, analysis of CGRP gene expression demonstrated 
that α-CGRP mRNA expression was significantly increased in cinnamaldehyde-treated 
compared to vehicle-treated ears (n=6, p<0.05, Table 3.1). There was an increase in β-CGRP 
mRNA gene expression in cinnamaldehyde-treated as compared to vehicle-treated ears (n=6, 
p<0.05, Table 3.1). Furthermore, there was a significant decrease in cinnamaldehyde-induced 
vasodilatation in α-CGRP KO mice compared to α-CGRP WT mice (n=3, p<0.01, Figure 3.5C) 
and a similar trend was observed in CGRP8-37-treated WT mice compared to control-treated 
WT mice (n=5, p<0.001, Figure 3.5D).  
As CGRP has been shown to mediate vasodilatation by stimulating adenylyl cyclase, increasing 
cAMP, which further activates PKA and opens KATP channels (Quayle et al., 1994), the role of 
KATP channels in cinnamaldehyde-induced vasodilatation was investigated. Cinnamaldehyde-
induced increase in blood flow was significantly reduced WT mice pre-treated with the KATP 
channels blocker glibenclamide (20mg/kg) compared to control-treated WT mice (n=4-6, 
p<0.001, Figure 3.5E). The data here suggests that CGRP release downstream of TRPA1 
activation may activate KATP channels and lead to a myogenic-mediated hyperpolarisation-
induced neurogenic vasodilatation.  

































































































































































































Figure 3.5 Role of neuropeptides in cinnamaldehyde (CA)-induced vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. 
Results recorded over a 30 min period and shown as mean + S.E.M. Cinnamaldehyde-induced 
vasodilatation in the ears of male CD1 mice pre-treated with A) a combination of the selective 
CGRP receptor antagonist CGRP8-37 (400nmol/kg, i.v., 5min) and neurokinin-1 receptor 
antagonist SR140333 (480nmol/kg, i.v., 5min) (n=4) or control (0.01% BSA in saline, n=4) and 
B) with SR140333 alone or respective control (saline) (i.v., 5min, n=5), C) Cinnamaldehyde-
induced responses in male α-CGRP WT and KO mice (n=3). Effects of pre-treatment of D) 
CGRP8-37 alone or respective control (0.01% BSA in saline) (i.v., 5min, n=5) and E) ATP-
sensitive potassium (KATP) channels blocker enclamide (20mg/kg, i.v., 5 min, n=4) or respective 
control (10% DMSO in saline, i.v., 5 min, n=6) in male CD1 mice. ***p<0.001 compared to 
respective vehicle-treated ears, ##p<0.01, ###p<0.001 compared to CA-treated ears using 2-
way ANOVA followed by Bonferroni post hoc test.   
  










Table 3.1 Expression of neuropeptides mRNA in cinnamaldehyde (CA)-treated ear 
samples using RT-qPCR.  mRNA expression of α-CGRP, β-CGRP and the substance P marker 
TAC-1 at 30 min following topical application of cinnamaldehyde or vehicle (10% DMSO in 
ethanol) in the mouse ear. Results are expressed as copy numbers per sample normalised to 
GAPDH and β-actin (n=5-6). *p<0.05 compared to respective vehicle-treated ears of CD1 mice 












Figure 3.6 Effects of cinnamaldehyde (CA) treatment on CGRP protein levels Ear tissues 
from male CD1 mice were harvested at 30 min following topical application of cinnamaldehyde 
(CA, 10%) or vehicle (10% DMSO in ethanol).  Total CGRP levels were determined using 
ELISA and normalised to mg of tissue protein. Results are expressed as pmol/mg of tissue 
protein and denotes mean + S.E.M, n=6. **p<0.01 compared to respective vehicle-treated ears 





    Treatment  
Gene Sample (n) Vehicle 10% CA 
α-CGRP 6 22.6 + 8.6 484 + 250.3* 
β-CGRP 6 11552 + 1846 21416 + 5378 




































3.2.5 Role of prostaglandins in cinnamaldehyde-induced vasodilatation 
The role of the mediator prostaglandins was investigated using the non-selective 
cyclooxygenase inhibitor indomethacin, at two different doses. Cinnamaldehyde-induced 
vasodilatation was not significantly affected by pre-treatment with indomethacin at 20mg/kg 
(i.v.) or at 5mg/kg (s.c.) compared to control-treated group (p>0.05, n=3, Figure 3.7A-B), 
suggesting that prostaglandins are not involved in cinnamaldehyde-induced vasodilatation.   















Figure 3.7 Role of prostaglandins in cinnamaldehyde (CA)-induced vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. 
Results recorded over a 30 min period and shown as mean + S.E.M. Cinnamaldehyde-induced 
vasodilatation in the ears of male CD1 mice pre-treated with the cyclo-oxygenase inhibitor 
indomethacin at A) 20mg/kg or control (0.05% NaHCO3 in saline) (i.v., 5 min, n=3) and B) 
5mg/kg or control (5% NaHCO3 in saline) (s.c., 30 min, n=3). **p<0.01, ***p<0.001 compared 











































































3.2.6 Role of nitric oxide in cinnamaldehyde-induced vasodilatation 
Using the non-selective NOS inhibitor L-NAME (15mg/kg, i.v., 5 min), I investigated the role 
of the classic vasodilator nitric oxide was investigated in cinnamaldehyde-induced 
vasodilatation. Pre-treatment with L-NAME caused a significant decrease in cinnamaldehyde-
induced vasodilatation as compared to control-treated group (n=4, p<0.01, Figure 3.8A). I 
further investigated if L-NAME can inhibit the residual responses shown in CD1 mice pre-
treated with neuropeptide CGRP and substance P NK1 receptor antagonists (Figure 3.5A). A 
combination treatment of the neuropeptide receptor antagonists CGRP8-37 and SR140333 with 
L-NAME significantly reduced the cinnamaldehyde-induced vasodilatation as compared to 
control-treated group (Figure 3.8B).  
Using the selective inducible NOS (iNOS) inhibitor 1400W and the neuronal NOS (nNOS) 
inhibitor SMTC, the role of specific NOS isoforms was investigated in cinnamaldehyde-induced 
vasodilatation. Pre-treatment with the iNOS inhibitor 1400W (3mg/kg, i.v.) alone did not affect 
cinnamaldehyde-induced vasodilatation compared to control-treated group (n=9, Figure 3.8C). 
Furthermore, pre-treatment with 1400W in combination with the neuropeptide receptor 
antagonists did not abolish the cinnamaldehyde-induced vasodilatation (n=6-7, Figure 3.8D), 
suggesting that nitric oxide derived from iNOS does not participate in this response. However, 
pre-treatment with the nNOS inhibitor SMTC (10mg/kg, i.v.) alone significantly decreased 
cinnamaldehyde-induced vasodilatation as compared to control-treated group (n=6-7, p<0.001, 
Figure 3.8E).  Pre-treatment with SMTC in combination with the neuropeptide receptor 
antagonists inhibited cinnamaldehyde-induced vasodilatation in comparison to control-treated 
groups (n=4-6, p<0.001, Figure 3.8F). This suggests that nNOS-derived nitric oxide participates 
in this response. Due to unavailability of a selective eNOS inhibitor, the mRNA and protein 
expression of eNOS was investigated in cinnamaldehyde-treated ear tissue samples at 30 min 
following topical application and compared to vehicle-treated samples. As shown in Figure 
3.9A, there was a significant increase in eNOS mRNA copies in cinnamaldehyde-treated 
samples compared to vehicle. However, there was no change in total eNOS protein expression 
























































































































































































































































Figure 3.8 Role of nitric oxide in cinnamaldehyde (CA)-induced vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. 
Results recorded over a 30 min period and shown as mean + S.E.M. Male mice were pre-treated 
with nitric oxide synthase (NOS) inhibitor alone or in the presence of a combination of the 
selective CGRP receptor antagonist CGRP8-37 (400nmol/kg, i.v., 5min) and the neurokinin-1 
receptor antagonist SR140333 (480nmol/kg, i.v., 5min) (n=4) or respective control (0.01% BSA 
in saline, n=4). Cinnamaldehyde-induced vasodilatation in the ears of male CD1 mice pre-
treated with A) and B) non-selective nitric oxide synthase inhibitor L-NAME (15mg/kg, i.v., 
5min, n=6) or control (saline, i.v., 5min, n=5) alone in the presence of CGRP8-37 and SR140333 
(n=4-5), C) and D) iNOS inhibitor 1400W (3mg/kg, i.v., 5min, n=9) or control (saline, i.v., 
5min, n=9) with or without CGRP8-37 and SR140333 (n=4-7), E) and F) nNOS inhibitor SMTC 
(10mg/kg, i.v., 5min, n=7) or control (saline, i.v., 5min, n=6) with or without CGRP8-37 and 
SR140333 (n=4-6). *p<0.05, **p<0.01, ***p<0.001 compared to respective vehicle-treated 






















Figure 3.9 Effects of cinnamaldehyde (CA) on total eNOS expression. Ear tissues from male 
CD1 mice were harvested at 30 min following topical application of cinnamaldehyde (CA, 
10%) or vehicle (10% DMSO in ethanol).  A) mRNA expression of eNOS following topical 
application of CA or vehicle in the mouse ear tissues. Results are expressed as copy numbers 
per sample normalised to GAPDH and β-actin (n=4 per group), B) eNOS protein expression 
was determined by immunoblotting and C) analysed by densitometry relative to the loading 






















































3.2.7 Role of reactive oxygen species in cinnamaldehyde-induced vasodilatation 
Our results thus far demonstrate clearly that both neuropeptides and nitric oxide mediate 
vasodilatation downstream of TRPA1 activation. Previously, a link between neurogenic-
induced blood flow responses and reactive oxygen species generation was established in our 
group (Starr et al., 2008) and hence, I further investigated the role of reactive oxygen species in 
cinnamaldehyde-induced vasodilatation. Using the reactive oxygen species scavenger N-
acetylcysteine (300mg/kg, i.p.), It was shown that there was a significantly decrease in 
cinnamaldehyde-induced vasodilatation compared to control-treated group (n=6, p<0.001, 
Figure 3.10A). This dose of N-acetylcysteine was previously shown to inhibit xylene-induced 
neurogenic plasma extravasation (Sandor et al., 2009). I further investigated whether the source 
of reactive oxygen species generation using the NADPH oxidase (NOX) inhibitor apocynin 
(Starr et al., 2008). Apocynin (20mg/kg, i.v., 5min) has been previously shown to significant 
decrease TRPV1-mediated neurogenic vasodilatation in the mouse ear model (Starr et al., 
2008). Pre-treatment with apocynin was able to significantly decrease cinnamaldehyde-induced 
responses as compared to the control-treated group (n=6-7, p<0.01, Figure 3.10B), indicating 
that reactive oxygen species being generated by NOX play a role in mediating this 
vasodilatation.  
There are several isoforms of NOX and I further investigated the role of NOX4, which was 
recently demonstrated to generate superoxide downstream of TRPV1 and nNOS activation (Ito 
et al., 2013). Topical application of cinnamaldehyde induced a significant increase in blood 
flow compared to vehicle-treated ears in NOX4 WT mice (n=4, p<0.01, Figure 3.10C), and this 
remains unchanged in NOX4 KO mice, suggesting that NOX4 is not involved in generating 
reactive oxygen species in this model.  
  
























Figure 3.10 Role of reactive oxygen species in cinnamaldehyde (CA)-induced 
vasodilatation 
Blood flow (x 10
3 
flux units) in mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques 
and FLPI. Results recorded over a 30 min period and shown as mean + S.E.M. 
Cinnamaldehyde-induced vasodilatation in the ears of male CD1 mice pre-treated with A) 
reactive oxygen species scavenger N-acetylcysteine (300mg/kg, i.p., 30 min, n=6) or control 
(saline, i.p., 30 min, n=6), B) NADPH oxidase inhibitor apocynin (20mg/kg, i.v., 5 min, n=7) or 
control (saline, i.v., 5 min, n=6).  C) Cinnamaldehyde-induced vasodilatation in the ears of 
NOX4 WT and KO mice (n=4). **p<0.01, ***p<0.001 compared to respective vehicle-treated 





































































































3.2.8 Role of hydrogen peroxide (H2O2) and catalase in cinnamaldehyde-induced 
vasodilatation 
The role of reactive oxygen species in cinnamaldehyde-induced vasodilatation was further 
investigated in this study. Pre-treatment with SOD and the H2O2 scavenger catalase have been 
previously shown to reduce capsaicin-induced neurogenic vasodilatation in vivo (Starr et al., 
2008). In this study, co-treatment of catalase and SOD caused a significant reduction in 
cinnamaldehyde-induced vasodilatation when compared with responses in the presence of the 
deactivated enzymes (n=3-6, p<0.01, Figure 3.11A). The roles of H2O2 and superoxide were 
further investigated using individual treatment of each pharmacological inhibitor alone.  
Administration of catalase alone caused no significant change in cinnamaldehyde-induced 
vasodilatation (n=4, p>0.05, Figure 3.11B). Furthermore, there was no change in H2O2 levels 
between vehicle- and cinnamaldehyde-treated ear tissue samples at 30 min following topical 
treatment (n=12, p>0.05, Figure 3.11C).  
Administration of SOD alone proved to be remarkably ineffective in inhibiting 
cinnamaldehyde-induced vasodilatation (n=3, p>0.05, Figure 3.11D).  Chemiluminescence was 
used to detect superoxide levels in the vascular tissue and surprisingly, there was a significant 
decrease in superoxide levels in cinnamaldehyde-treated when compared to vehicle-treated ear 
samples at 30 min following topical treatment (n=10, p<0.05, Figure 3.11E). The 
ineffectiveness of SOD in this study could be due to its lack of ability to cross the plasma 
membrane and hence, the role of superoxide was further investigated using the membrane 
permeable SOD mimetic tempol. Tempol proved to be remarkably effective at reducing 
cinnamaldehyde-induced vasodilatation as compared to control-treated group (n=6, p>0.001, 








































































































































































































































Figure 3.11 Role of hydrogen peroxide (H2O2) and catalase in cinnamaldehyde-induced 
vasodilatation 
Blood flow (x 10
3 
flux units) in male CD1 mouse ears following topical application of 20µl 
cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in ethanol) using laser Doppler techniques. 
Results recorded over a 30 min period and shown as mean + S.E.M. Cinnamaldehyde-induced 
vasodilatation in the ears of mice pre-treated with A) a combination of superoxide dismutase 
(SOD, 25000U/kg) and catalase (25000U/kg) or control (denatured SOD and catalase enzyme at 
95°C for 20 min, i.p., n=6) and B) catalase alone (25000U/kg, i.p., n=3) or respective control 
(denatured catalase enzyme at 95°C for 20 min, i.p., n=4). C) H2O2 levels in vehicle or CA-
treated ear tissues at 30 min following topical treatment in mice as measured by the AMPLEX 
RED assay (n=12).  D) Cinnamaldehyde-induced vasodilatation in the ears of mice pre-treated 
with SOD alone (25000U/kg, i.p., n=3) or respective control (denatured SOD enzyme at 95°C 
for 20 min, i.p., n=3). E) Superoxidelevels in vehicle or CA-treated ear tissues at 30 min 
following topical treatment in mice (n=10), as measured by Lucigenin assay (n=10).   F) 
Cinnamaldehyde-induced vasodilatation in the ears of mice pre-treated with SOD mimic tempol 
(30mg/kg) or respective control (saline, i.v., n=6). *p<0.05, **p<0.01, ***p<0.001 compared to 
respective vehicle-treated ears, ##p<0.01, ###p<0.005 using 2-way ANOVA followed by 
Bonferroni post hoc test.   
 
  





3.2.9 Role of hydroxyl radicals and nitrotyrosine in cinnamaldehyde-induced vasodilatation 
Hydroxyl radicals, which are generated from H2O2, formation is dependent on the catalysis by 
ferrous iron and has been previously shown to be involved in CGRP-mediated neurogenic 
relaxation (Norisue et al., 1997). I further investigated the role of hydroxyl radicals by using the 
iron chelator deferoxamine. Pre-treatment of deferoxamine was shown to significantly decrease 
cinnamaldehyde-induced vasodilatation when compared to control-treated group (n=6, p<0.001, 
Figure 3.12).  
Our previous results in this study have shown that both nitric oxide and superoxide are two 
mediators that are involved in mediating cinnamaldehyde-induced increase in blood flow. Nitric 
oxide is known to react with superoxide to produce peroxynitrite (Beckman and Koppenol, 
1996), which can mediate vasodilatation in vivo(Graves et al., 1998). Intracellullar peroxynitrite 
can interact with nitrate proteins such as tyrosine residues to form 3-nitrotyrosineand hence, 
increased nitrotyrosine levels are commonly used as a marker of the participation of 
peroxynitrite. Total nitrotyrosine protein levels were measured in this study and were found to 
be significantly increased in ear tissue samples treated with cinnamaldehyde when compared to 
vehicle-treated samples following a 30 min of topical application (n=6, p<0.001, Figure 3.13 A-



























Figure 3.12 Role of hydroxyl radicals in cinnamaldehyde-induced vasodilatation 
Male CD1 mice were pre-treated with iron chelator deferoxamine  (25mg/kg, i.p., 30 min, n=6) 
or control (saline, i.p., 30 min, n=6) and blood flow (x 10
3 
flux units) was measured for 30 min 
following topical application of 20µl cinnamaldehyde (CA, 10%) or vehicle (10% DMSO in 
ethanol) using laser Doppler techniques. Results are shown as mean + S.E.M. **p<0.01, 
***p<0.001 compared to respective vehicle-treated ears,  ###p<0.005 using 2-way ANOVA 
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Figure 3.13 Effects of cinnamaldehyde (CA) on total nitrotyrosine expression.Ear tissues 
from male CD1 mice were harvested at 30 min following topical application of cinnamaldehyde 
(CA, 10%) or vehicle (10% DMSO in ethanol).  A) nitrotyrosine protein expression was 
determined by immunoblotting and B) analysed by densitometry relative to the loading control 
β-actin. Data denotes mean + S.E.M, n=6. *p<0.05 compared to respective vehicle-treated ears 







































This chapter examined the in vivo effects of cinnamaldehyde, a proposed TRPA1 agonist on 
peripheral blood flow. I hypothesised that activation of TRPA1 channels, which are widely 
expressed on sensory nerve fibres, would lead to vasodilatation in the peripheral vasculature. 
Initial studies confirmed that topical application of cinnamaldehyde to the mouse ear caused an 
increase in blood flow, which was dependent on TRPA1 channels but not TRPV1 or TRPM8 
channels. I showed that the cinnamaldehyde-induced blood flow responses are dependent on the 
release on the microvascular vasodilator CGRP but not substance P. This chapter also provides 
novel evidence indicating that nNOS-derived nitric oxide and reactive oxygen species mediates 
the vasodilator response to TRPA1 activation by cinnamaldehyde.  
3.3.1  Cinnamaldehyde-induced vasodilatation is dependent on TRPA1 
Cinnamaldehyde, the main component of cinnamon oil is commonly used and is regarded as the 
most selective TRPA1 agonist (Bandell et al., 2004). In this chapter, I show that topical 
application of cinnamaldehyde (10%) induced an increase in blood flow in the mouse ear 
model. Since there was no difference in cinnamaldehyde-induced vasodilatation between male 
and female CD1 mice, male CD1 mice were used throughout the study to minimise animal use, 
which is in line with the application of the 3R’s in animal research. 
Interestingly, topical cinnamaldehyde (10%) has been previously demonstrated to elicit burning 
pain and induce heat allodynia as well as an axon reflex flare reaction on the forearm of healthy 
subjects (Namer et al., 2005). Additionally, Namer et al. showed that cinnamaldehyde induced 
an increase in superficial blood flow 10 min after topical application and this correlates with the 
blood flow responses observed in this study.  
The selectivity of cinnamaldehyde for TRPA1 was further investigated using various TRP 
channels antagonists and transgenic mice. Ruthenium red, a non-selective cation channel 
blocker, has been previously used in vitro and in vivo to block TRPA1 and TRPV1 channels.  
Ruthenium red has been previously shown to block the TRPA1 agonist mustard oil-induced 
contraction of the rat bladder at micromolar concentrations (Patacchini et al., 1990) and mustard 
oil-induced calcium influx in cultured rat sensory neurons (Jordt et al., 2004). In this study, I 
chose to investigate the effects of ruthenium red at 3mg/kg, which was previously shown to 
reduce the nociception induced by i.pl. injection of menthol in vivo (Cordova et al., 2011). Pre-
treatment with ruthenium red was effective in reducing cinnamaldehyde-induced vasodilatation, 
suggesting an involvement of non-selective cation channels in this study.  





The involvement of TRPA1 in cinnamaldehyde-induced blood flow increase was further 
investigated using pharmacological blockade of TRPA1 channel activity and in mice where the 
TRPA1 gene was deleted. In this study, cinnamaldehyde-induced vasodilatation was 
significantly reduced in TRPA1 KO mice. These data suggest that cinnamaldehyde selectively 
activates TRPA1 and this supports earlier findings of Pozsgai et al. (2010) in our laboratory 
who showed that the vasodilator effect induced by cinnamaldehyde was inhibited in the paw 
skin of anaesthetised TRPA1 KO mice.  
The effects of another TRPA1 antagonist TCS5861528 (also known as Chembridge-5861528), a 
new derivative of HC030031 was investigated in the cinnamaldehyde-induced blood flow 
responses. Systemic administration of TCS5861528 (10mg/kg twice daily for a week) has 
previously been shown to significantly attenuate mechanical-induced withdrawal responses in 
diabetic and control groups of rats (Wei et al., 2009). In our study, I demonstrated that pre-
treatment with TCS5861528 (10mg/kg) significantly decreased cinnamaldehyde-induced 
vasodilatation but the response was not completely inhibited. Thus, I further verify the 
selectivity of TCS5861528 (10mg/kg) in blocking the responses to a different TRPA1 agonist 
mustard oil or activating other TRP channels such as TRPV1.  
Mustard oil has been previously shown to mediate peripheral vasodilatation in the mouse ear 
model in a TRPA1-dependent manner as demonstrated in TRPA1 KO mice (Pozsgai et al., 
2010). The results here correlate with previous findings, demonstrating clearly that mustard oil 
mediated an increase in ear blood flow compared to control-treated group and interestingly, 
these responses were significant reduced in the TCS5861528-treated group. However, in the 
TCS5861528-treated group, mustard oil-treated ears had a slightly higher ear blood flow as 
compared to vehicle-treated ears, albeit not significant. TCS5861528 has been previously 
shown to antagonise AITC-induced responses in human TRPA1-transfected HEK-293 cells 
(IC50, 42µM) (Wei et al., 2009) and in rat TRPA1-transfected HEK-93 cells (IC50, 230 nM) (Wei 
et al., 2010a). It remains to be determined whether a higher dose of TCS5861528 would be 
more effective in inhibiting both mustard oil- and cinnamaldehyde-induced vasodilatation in 
vivo.  
Moreover, to assess whether TCS5861528 acts on TRPV1, capsaicin-induced vasodilatation 
was determined in a separate group of mice pre-treated with TCS5861528 or its respective 
control. The TRPV1 agonist, capsaicin increases peripheral blood flow as shown previously in 
our group (Grant et al., 2002, Starr et al., 2008) and this response was unaffected by the pre-
treatment with TCS5861528. Interestingly, previous studies by Wei et al. have demonstrated 
that TCS5861528 at a dose of 100µM had no TRPV1 channel agonism or antagonism (Wei et 
al., 2010a). Hence, although TCS5861528 was not effective in inhibiting cinnamaldehyde-





induced vasodilatation in this study, these evidences suggest that TCS5861528 at a dose of 
10mg/kg does not activate or block TRPV1 receptors in vivo.  
The properties of TCS5861528 were first characterised by Wei et al. in vitro using human 
TRPA1-transfected HEK-293 cells where it was compared to the prototype TRPA1 antagonist 
HC030031. HC030031 was shown to antagonise TRPA1 induced responses induced by 4-HNE 
and AITC in a concentration-dependent manner, with IC50 values of 42µM and 48µM, 
respectively whilst TCS5861528 was shown to have a greater affinity for TRPA1 channels with 
IC50 values of 14µM and 19µM (Wei et al., 2009). I further tested the TRPA1 antagonist 
HC030031 that is known to block activation of TRPA1 by 15-PGJ2 and reduce activation by 
mustard oil in vitro(Taylor-Clark et al., 2008). HC030031 has been previously shown to inhibit 
formalin-induced flinching in rats (McNamara et al., 2007) and TRPA1 agonist PF4840154-
induced licking behaviours in CD1 mice (Ryckmans et al., 2011). Pre-treatment with 
HC030031 in this study significantly suppressed cinnamaldehyde-induced vasodilatation, 
similar to the inhibition observed in TRPA1 KO mice. Although previous studies have shown 
that TCS5861528 has a greater affinity for TRPA1 than HC030031 in vitro (Wei et al., 2009), 
our results provide clear evidence that at the dose utilised, TCS5861528 did not completely 
block cinnamaldehyde-induced vasodilatation, when compared to experiments using 
HC030031. From our findings using TRPA1 KO mice and the selective TRPA1 antagonist 
HC030031, I can confirm that cinnamaldehyde activates TRPA1 to increase blood flow in the 
ear skin. Furthermore, effective doses of the calcium-activated potassium channel blocker TEA 
was shown to significant reduce cinnamaldehyde-induced vasodilatation, supporting the role of 
calcium in the TRPA1-mediated vasodilator response in the mouse ear. TEA administered at 
6mg/kg is known to give a plasma concentration of approximately 0.5mM, with no change in 
systemic arterial blood pressure and was previously shown to inhibit neurogenic vasodilatation 
in human forearm (Inokuchi et al., 2003). 
It is also known that TRPA1 is co-expressed in approximately 60-75% of all TRPV1-positive 
sensory neurons under normal conditions (Story et al., 2003, Kobayashi et al., 2005), suggesting 
a potential interaction between the two channels, although the potential mechanisms and effects 
of this interaction is under debate. Salas et al. (2009) showed that mustard oil-gated currents 
exhibited faster kinetics activation in TRPA1-expressing than in TRPA1/TRPV1 co-expressing 
CHO cells in vitro. Our recent study in vivo showed although TRPV1-mediated vasodilatation is 
not affected by deletion of TRPA1 gene, but TRPA1-mediated vasodilatation by mustard oil is 
significantly potentiated when TRPV1 channels are blocked using the TRPV1 antagonist 
SB366791 in TRPV1 KO mice (Aubdool, 2010). Therefore, it was suggested that a potential 
link between receptor function and TRPV1 might be involved in regulating TRPA1 receptor-





mediated responses. However, our results here showed that TRPV1 gene deletion did not affect 
cinnamaldehyde-induced vasodilatation in the peripheral vasculature. It remains to be 
determined whether these responses are present when TRPV1 channels are pharmacologically 
blocked. These results provide evidence that cinnamaldehyde does not activate TRPV1 
channels.  
It has been reported that the co-expression between TRPA1 and TRPM8 was rare, where 3.3% 
of neuronal profiles displayed both TRPA1 and TRPM8 (Kobayashi et al., 2005). Functional 
interactions between these two channels have been speculated, as they are both cold sensors. 
The TRPM8 channel blocker AMTB was shown to inhibit TRPM8 agonist icilin-induced 
calcium influx in vitro and also shown to significantly attenuate reflex responses to noxious 
urinary bladder distension (Lashinger et al., 2008).  I further investigated the role of TRPM8 in 
cinnamaldehyde-induced increase in blood flow. Pre-treatment with AMTB was not effective in 
suppressing cinnamaldehyde-induced vasodilatation. Thus, this study confirms that 
cinnamaldehyde does not activate TRPM8.  
3.3.2 Cinnamaldehyde-induced vasodilatation is dependent on neuropeptide CGRP and 
neuronal-derived nitric oxide 
Capsaicin and mustard oil are both known to produce their inflammatory effects by activation of 
sensory C-fibres, which mediate the release of neuropeptides such as substance P, and CGRP 
from the nerve terminals (Lembeck and Holzer, 1979, Lundberg et al., 1985, Brain et al., 1985). 
There is previous evidence from our group demonstrating that capsaicin and mustard oil-
induced vasodilatation depends on the release of both CGRP and substance P (Grant et al., 
2005). TRPA1 channels are expressed on sensory neurons, which also express TRPV1, CGRP 
and substance P (Jordt et al., 2004) and in this study, I investigated whether these neuropeptides 
are involved in TRPA1-mediated vasodilatation induced by cinnamaldehyde using 
pharmacological blockade of both CGRP and NK1 receptors.  
Co-treatment with the NK1 receptor antagonist SR140333 and CGRP receptor antagonist 
CGRP8-37 significantly reduced cinnamaldehyde-induced blood flow responses. The doses of 
SR140333 and CGRP8-37 were chosen based on previous studies in the group showing that both 
inhibitors can inhibit substance P-induced and CGRP-induced vasodilatation, respectively in the 
mouse ear model (Grant et al., 2002, Grant et al., 2005, Starr et al., 2008). This finding suggests 
that both neuropeptides are released following TRPA1 activation by cinnamaldehyde and this 
finding is similar to Engel et al. (2011) who demonstrated that 2,4,6-trinitrobenzene sulfonic 
acid (TNBS) induced TRPA1-dependent release of substance P and CGRP in colonic sensory 
neurons (Engel et al., 2011). However, in this study these responses were not completely 





blocked, as there was a small but significant increase in blood flow in cinnamaldehyde-treated 
ears as compared to vehicle-treated ears of mice pre-treated with both SR140333 and CGRP8-37. 
This finding led us to investigate the treatment of SR140333 and CGRP8-37 alone on 
cinnamaldehyde-induced vasodilatation.  
Surprisingly, SR140333 pre-treatment did not inhibit cinnamaldehyde-induced blood flow 
responses and this result suggests that substance P may not be involved in these responses. This 
finding does not correlate to previous findings in our group where substance P has been shown 
to mediate TRPA1 agonist mustard oil induced neurogenic vasodilatation (Grant et al., 2005, 
Pozsgai et al., 2010). Moreover, systemic injection of mustard oil activates TRPA1 and 
increases substance P content in the peritoneal fluid of rat (Trevisan et al., 2013) and substance 
P release from sensory neurons through p38 phosphorylation in mice hindpaw (Nakamura et al., 
2012). However, in the case for cinnamaldehyde although it activates TRPA1 selectively, its 
vasodilatation is not dependent on the release of substance P. Electrophysiology studies on rat 
DRG neurons showed that there may be more nerves expressing CGRP than substance P as 
substance P was mainly found in 53% of C-fibres and 21% of Αδ-fibres, with poor expression 
on Αα/β-fibres (n=80), whilst CGRP was mainly found in 46% of C-fibres and 38% of Αδ-
fibres, with increased expression (17%) on Αα/β-fibres (n=73) (Lawson et al., 1993). It would 
be interesting to investigate the proportion and subtypes of nerves expressing TRPA1 with both 
neuropeptides to determine why substance P may not be involved in cinnamaldehyde-induced 
vasodilatation.  
The role of CGRP in cinnamaldehyde-induced vasodilatation was investigated using either 
genetic deletion or the pharmacological blockade of CGRP receptors. Several TRPA1 agonists 
have been shown to stimulate CGRP release from spinal cord, oesophagal sensory neurons, rat 
hindpaw skin and DRG neurons (Qin et al., 2008, Ruparel et al., 2008, Trevisani et al., 2007). It 
was unknown if TRPA1-mediated vasodilatation induced by cinnamaldehyde is dependent on 
CGRP in the mouse ear model. Our study addresses this by clearly showing that pre-treatment 
with CGRP8-37 or in α-CGRP KO mice, there was a marked decrease in cinnamaldehyde-
induced increase in blood flow responses in the mouse ear model. I also demonstrated that 
cinnamaldehyde treatment could significantly increase α-CGRP mRNA expression at 30 min 
following topical treatment. There was also an increase in β-CGRP mRNA expression but 
interestingly; I demonstrated a significant decrease in CGRP levels in cinnamaldehyde-treated 
when compared to vehicle-treated ear tissue samples. It remains unknown whether there was an 
increase in α-CGRP at an earlier time point or at the 30 min treatment time-point; CGRP levels 
are higher in the plasma than tissue. Kunkler et al. (2011) have also shown that other TRPA1 
agonists and environmental irritants can release CGRP from dissociated rat trigeminal ganglia 





neurons (Kunkler et al., 2011). This finding overall increases the evidence of CGRP release 
downstream of TRPA1 activation in different tissues and vascular beds.  
The results in this study suggest that CGRP is the primary neurogenic vasodilator involved in 
cinnamaldehyde-induced vasodilatation in the peripheral vasculature and further reflect that 
different TRPA1 agonists may have specific vasodilator mechanisms depending on the site of 
action.  CGRP-induced vasodilatation has been reported to be due to either a direct effect on the 
vascular smooth muscle or indirect effect mediated through vascular endothelium, as discussed 
in chapter 1 (Smillie and Brain, 2011). I showed in this study that pre-treatment with the KATP 
channel blocker glibenclamide suppressed cinnamaldehyde-induced vasodilatation in the mouse 
ear. Interestingly, this data is in contrast with Yanaga et al.findings who previously reported 
that vasorelaxant effects of cinnamaldehyde were independent of glibenclamide-sensitive KATP 
channels in isolated rat aorta (Yanaga et al., 2006). However, here I show that KATP channels are 
involved in cinnamaldehyde-mediated vasodilatation in the ear vessels in vivo where 
consequently, it is possible that cinnamaldehyde may activate TRPA1 on sensory neurons and 
release CGRP which mediates vasodilatation by opening KATP channels on the vascular smooth 
muscle cells.  
Since pharmacological blockade with the neuropeptide receptor antagonists was not able to 
completely inhibit cinnamaldehyde-induced vasodilatation, I investigated the other mediators 
and pathways that may be involved in the residual vasodilator effects. There is reported 
evidence that nitric oxide-mediated vasodilatation is dependent on activation and opening of 
KATP channels (Armstead, 1996). Moreover, CGRP itself can bind on its receptor complex on 
endothelial cells where it increases eNOS activity, mediated through a cAMP-PKA dependent 
pathway, leading to increased nitric-oxide production (Edvinsson et al., 1985, Brain and Grant, 
2004). Intrabrachial infusion of CGRP was shown to result in a dose-dependent and 
reproducible forearm vasodilator response, which is dependent on the release of nitric oxide (de 
Hoon et al., 2003). There are other studies showing that CGRP-induced vasodilatation is 
independent of nitric oxide (Brain et al., 1993, Kawasaki et al., 1988, Klede et al., 2003). Using 
the previous findings, I investigated if nitric oxide produced downstream of CGRP-mediated 
pathway may play a role in cinnamaldehyde-induced vasodilatation and this was further 
investigated in this study using the non-selective nitric oxide synthase (NOS) inhibitor L-
NAME. Pre-treatment with L-NAME showed a marked decrease in blood flow responses to 
cinnamaldehyde and further experiments investigated the pharmacological blockade of NOS 
together with neuropeptide receptor antagonists, where cinnamaldehyde-induced vasodilatation 
was completely abolished. There was no change in baseline blood flow after pre-treatment with 





these pharmacological inhibitors. This provides further evidence that both neuropeptide and 
nitric oxide are involved in this response.  
In the present study, I sought to investigate the source of nitric oxide synthase by using selective 
inhibitors to the different isoforms of nitric oxide synthase. In this study, CGRP has been shown 
to play an important role in cinnamaldehyde-induced increase in blood flow response and 
interestingly, CGRP can interact with receptors on the vascular endothelial cell to increase the 
production of cAMP which further stimulates nitric oxide production. This process here has 
been suggested to involve a direct effect of protein kinase A (PKA) on eNOS. Nitric oxide 
diffuses into the adjacent vascular smooth muscle cells and activates guanylate cyclase, which 
leads to relaxation (Brain and Grant, 2004). I demonstrated that there was no change in total 
eNOS protein in the ear following cinnamaldehyde treatment when compared to vehicle 
treatment, suggesting that nitric oxide is not being derived from eNOS. However, it remains 
unknown if there were any changes in phosphorylated eNOS or NOS activity.  
I further demonstrated that there was an increase in nNOS mRNA that may contribute to an 
increased endogenous production of nitric oxide which contributes to peripheral vasodilatation. 
The present study demonstrates clearly that SMTC, a more specific nNOS inhibitor, but not the 
iNOS selective inhibitor 1400W, antagonised cinnamaldehyde-induced vasodilatation. Upon 
activation under certain inflammatory conditions, iNOS is known to be expressed by many cell 
types including vascular smooth muscles and endothelial cells, which are relevant to our study 
(Griffith and Stuehr, 1995, Forstermann and Kleinert, 1995). Interestingly, our data showed that 
intravenous injection of 1400W did not significantly affect the baseline blood flow. This finding 
is in agreement with recent published findings reporting that 1400W (3mg/kg, i.v.) caused no 
effects at baseline or on capsaicin-induced hyperaemic response in gastric mucosa in rats in vivo 
(Raimura et al., 2013). 1400W was chosen as an iNOS inhibitor as it is 5000-fold more 
selective for iNOS than eNOS (Garvey et al., 1997) and the two doses studied in this study have 
been previously used in rats and shown to selectively target iNOS (Patel et al., 2004, Cheng and 
Pang, 2004). SMTC at the chosen dose was previously shown to selectively target nNOS in vivo 
in studies using conscious rats (Gozal et al., 1996).  
Our finding here strongly suggests that sensory neurons that contain nNOS may release nitric 
oxide following TRPA1 stimulation by cinnamaldehyde. An interaction between CGRP and 
nitric oxide in gastric vasodilatation through sensory neurons has been previously reported 
(Chen and Guth, 1995). There is also evidence showing that numerous TRPV1-
immunoreaactive axons express nNOS (Raimura et al., 2013) but it remains unknown whether 
the nerves innervating the ear blood vessels express both TRPA1 and nNOS. However, an 
interaction between nitric oxide and CGRP has been previously speculated, where NO has been 





suggested to act on sensory neurons to release CGRP which further diffuses to smooth muscle 
to mediate vasodilatation (Wei et al., 1992, Akerman et al., 2002). Keratinocytes and 
endothelial cells are known to release nitric oxide during inflammation and are thought to be in 
close proximity to sensory nerve endings (Cals-Grierson and Ormerod, 2004, Lowenstein et al., 
1994).  
Moreover, results from Miyamoto et al. (2009) suggest that endogenous levels of nitric oxide 
are able to activate TRPV1 and TRPA1 and increase pain behavioural responses (Miyamoto et 
al., 2009).  Cinnamaldehyde acts on TRPA1 channels and increase intracellular calcium and an 
elevation in calcium has been previously reported to be important in activating calcium-
dependent nNOS (Moncada et al., 1997). Thus, in this study I are providing evidence that 
neuronally-derived nitric-oxide plays an important role in the vasodilator response induced by 
cinnamaldehyde which is possibly being released downstream of TRPA1 activation. It is also 
evident in this study that the NO-dependent component in cinnamaldehyde-induced 
vasodilatation exists when CGRP receptors are antagonised.  
3.3.3 Prostaglandins do not mediate cinnamaldehyde-induced vasodilatation 
The role of other endothelial-derived mediator prostaglandins was investigated in 
cinnamaldehyde-induced responses in vivo. Prostacyclin is known to activate adenyl cyclase 
and elevate cyclic adenosine monophosphate levels to relax blood vessels (Martin et al., 1985). 
Interestingly, treatment of the cyclooxygenase inhibitor, indomethacin was shown not to inhibit 
TRPV1-mediated vasodilatation in mice (Starr et al., 2008). However, there is evidence in the 
literature suggesting the metabolites of prostaglandins D2, 15-deoxy-∆12,14-prostaglandins J2 
(15dPGJ2) can activate heterologously expressed hTRPA1 in human embryonic kidney cells and 
in a subset of chemosensitive mouse trigeminal neurons (Taylor-Clark et al., 2008). 15-d-PGJ2 
is generated during oxidative stress in inflammation and has also been shown to evoke inward 
currents and an increase in intracellular calcium in TRPA1-expressing CHO cells (Andersson et 
al., 2008). This study showed that indomethacin had no effect on cinnamaldehyde-induced 
vasodilatation. These results suggest that cyclo-oxygenase pathway may not be involved in 
inducing vasodilator effects of cinnamaldehyde.  
3.3.4  Investigating the involvement of reactive oxygen species TRPA1-mediated 
vasodilatation 
Reactive oxygen species are known to play an important physiological role in regulating 
vascular tone but can also cause vascular reactivity and vascular inflammation in pathological 
conditions. A potential link between cinnamaldehyde and reactive oxygen species production 





has been established in previous cancer studies. Cinnamaldehyde is thought to have skin 
sensitising properties at high concentration (mM) but at low concentration, it was documented 
to inhibit secretion of interleukin-1β and tumor necrosis factor-α within lipopolysaccharide 
stimulated macrophages (Chao et al., 2008). Ka et al. (2003) showed that cinnamaldehyde 
treatment can induce reactive oxygen species production in human leukeumia promyelocytic 
cells and this is blocked by the antioxidant N-acetylcysteine (Ka et al., 2003).  Moreover, 
cinnamaldehyde treatment increased reactive oxygen species production, which was blocked by 
vitamin E in human hepatoma PLC/PRF/5 cells (Wu et al., 2004).  
In this study, cinnamaldehyde-induced vasodilatation was significantly reduced in mice pre-
treated with N-acetylcysteine suggesting that there may be a potential link between TRPA1-
mediated responses and increase in radical species generation. N-acetylcysteine is known to act 
as a precursor to glutathione, which is a powerful antioxidant and free radical scavenger. 
Interestingly, cinnamaldehyde contains an α,β-unsaturated carbonyl moiety which functions as a 
potent Michael reaction acceptor and causes  endogenous antioxidant glutathione depletion 
(Cernuda-Morollon et al., 2001, Heiss et al., 2001, Rossi et al., 2000). These earlier findings 
may explain the inhibitory effects of N-acetylcysteine on cinnamaldehyde-induced 
vasodilatation. N-acetylcysteine scavenges radicals by reactions with the thiol group in the 
molecule (Aruoma et al., 1989) and hence, NAC may react with cinnamaldehyde-reactive 
electrophilic group and interfere with its ability to activate TRPA1. Thus, further experiments 
using more selective reactive oxygen species pathway modulators were used to elucidate the 
role of reactive oxygen species in cinnamaldehyde-induced vasodilatation.  
One possible source of reactive oxygen species in cellular signalling is NOX (Li and Shah, 
2004) and interestingly, pre-treatment with the NOX inhibitor apocynin was able to partially 
decrease cinnamaldehyde-induced vasodilatation. This dose was also previously shown to 
inhibit TRPV1 agonist capsaicin-induced vasodilatation (Starr et al., 2008). Here, it is possible 
that the NOX enzymes may be one of the sources of reactive oxygen species generation in 
cinnamaldehyde-induced vasodilatation. I investigated the possible role of NOX4 in 
cinnamaldehyde-induced vasodilatation as a link between nNOS and NOX4 was previously 
reported by Ito et al. (2013). I sought to investigate whether NOX4 may be involved in TRPA1-
mediated vasodilatation and interestingly, there was no change in cinnamaldehyde-induced 
vasodilatation between NOX4 WT and KO mice. This finding suggests that NOX4 itself is not 
involved in mediating this vasodilatation but it remains unknown whether other isoforms of 
NOX such as NOX2 plays a role.  
I further investigated the role of superoxide dismutase (SOD) and catalase, which enhances the 
catalysis of superoxide and H2O2, respectivelyin cinnamaldehyde-induced vasodilatation. Co-





treatment with SOD and catalase showed a significant decrease in the blood flow responses 
induced by cinnamaldehyde, showing the potential role of both mediators. This cocktail 
administration of SOD and catalase have also been previously shown to be effective in 
improving survival and minimising cell damage in the canine ischemia-reperfusion injury 
model (Jolly et al., 1984) and in capsaicin-mediated vasodilation (Starr et al., 2008). To further 
confirm the potential role of superoxide and H2O2 in cinnamaldehyde-induced vasodilatation, I 
investigated the effects of separate administrations of SOD and catalase. Interestingly, pre-
treatment with catalase alone had no effects in affecting cinnamaldehyde-induced vasodilatation 
and there was also no marked change in H2O2 between vehicle- and cinnamaldehyde-treated ear 
samples. A similar trend was demonstrated with the single treatment of SOD which had no 
effects in cinnamaldehyde-induced vasodilatation but surprisingly, I found that the level of 
superoxide release in cinnamaldehyde-treated samples was significantly less than vehicle-
treated ear tissue samples at 30 min following treatment. It remains unknown how the level of 
superoxide is changed at earlier time points. Since there was a decrease in superoxide levels, I 
further investigated this using a cell-permeable SOD mimic tempol which increases catalysis of 
superoxide to undergo antioxidant pathway rather than SOD which may have poor permeability, 
further limiting their bioavailability and activity. Pre-treatment with tempol was shown to 
significantly decrease the cinnamaldehyde-induced vasodilatation, suggesting that tempol may 
be more potent in inhibiting the redox signalling in this response.  Overall, in this study it seems 
like single treatment of SOD and catalase alone may not be sufficient to inhibit all the reactive 
oxygen species whereas co-administration of SOD and catalase increases the rate of superoxide 
conversion into H2O and O2. 
A study by Ka et al. (2003) showed cinnamaldehyde to induce reactive oxygen species 
signalling by increased mitochondrial permeability transition in cancer HL-60 cell lines, where 
the mitochondrial membrane becomes more permeable resulting in mitochondrial damage and 
superoxide release due to incomplete oxygen generation during the electron transport chain (Ka 
et al., 2003). It is possible that cinnamaldehyde may induce reactive oxygen species production 
independently of TRPA1 in the sensory nerves to potentiate TRPA1 activation. The production 
of mitochondrial superoxide species in the spinal cord has also been shown to cause persistent 
pain, which was reduced by tempol and phenyl-N-tert-butylnitrone, a potent free radical 
scavenger (Kim et al., 2008). Another study has also supported the role of systemic 
administration of tempol to attenuate pain symptoms in inflammatory pain model (Khattab, 
2006). Hence, there are possibilities that cinnamaldehyde-mediated TRPA1 activation may lead 
to increased reactive oxygen species production in the sensory nerves, which could further 
potentiate TRPA1 activation in the nerve terminals.  





The superoxide species released can undergo 2 pathways: 1) redox signalling or 2) react with 
NO produced by nNOS resulting in peroxynitrite production. Peroxynitrite species can react 
with saturated fatty acids and the product directly and selectively activate TRPA1 (Taylor-Clark 
et al., 2009) highlighting the possibility of the involvement of this peroxidation product in CA-
sustained vasodilation response. This is consistent with the earlier finding in this study that 
inhibition of nNOS with SMTC was shown to reduce cinnamaldehyde-induced vasodilatation 
suggesting a role of peroxynitrite as one of the potential endogenous TRPA1 agonists to 
potentiate cinnamaldehyde-induced vasodilator response. Since an increase in nitrotyrosine 
levels have been reported to show the participation of peroxynitrite (Halliwell, 1997), I further 
investigated the effects of cinnamaldehyde treatment on total nitrotyrosine levels. In our study, I 
demonstrated an increased level of total nitrotyrosine protein expression in cinnamaldehyde-
treated compared to vehicle-treated ear tissue samples. This finding suggests the possible 
interaction between superoxide and nNOS-derived nitric oxide, which may produce 
peroxynitrite following cinnamaldehyde treatment, but it remains unknown whether this 
response is dependent on TRPA1. 
The role of hydroxyl radicals and oxidative stress was also investigated in the cinnamaldehyde-
mediated vasodilatation. Excess H2O2 may be converted into oxidative stress molecules, such as 
hydroxyl radicals in the presence of transition metals, such as iron (Li & Shah, 2004). 
Deferoxamine (an iron chelator) significantly reduced cinnamaldehyde-induced vasodilation, 
suggesting the role of hydroxyl radicals and oxidative stress in this response. Andersson et al., 
(2008) suggested that hydroxyl radicals may mediate TRPA1 activation of H2O2 in the sensory 
neurons, further supporting the potential role of reactive oxygen species in potentiating TRPA1 
activation in the sensory nerves. However, Xue and colleagues (2011) have also shown 
cinnamaldehyde to induce vasodilation in rats’ aorta, suggesting a vascular-dependent pathway 
of CA-mediated vasodilation. Prasad & Bharadwaj (1996) showed hydroxyl radicals to cause 
vasodilation in vitro, which may highlight the potential role of cinnamaldehyde in mediating 
vascular-dependent reactive oxygen species production and vasodilation or the reactive oxygen 
species production may be mediated downstream of CGRP, as proposed for capsaicin-mediated 
vasodilation (Starr et al., 2008). Currently, the in vivo mouse ear model does not allow us to 
distinguish the main site where reactive oxygen species is produced and I have not established 
the major source of reactive oxygen species production in the cinnamaldehyde-mediated 
vasodilation. Further studies are required to elucidate the role of other superoxide sources, such 
as mitochondria (inhibited by thenoyltrifluoroacetone), cytochrome P450 and xanthine oxidase 
(inhibited by allopurinol) (Li & Shah, 2004) in cinnamaldehyde-mediated neurogenic 
vasodilation. It remains unknown whether the generation of reactive oxygen species is TRPA1- 
and sensory nerve- dependent and hence, further investigation is required.  






The results in this chapter highlight the selectivity of cinnamaldehyde to activate TRPA1 and 
increase blood flow in the peripheral vasculature and investigated the signalling mechanisms 
underlying TRPA1-depdendent vasodilatation. The findings are summarised in Figure 3.14. 
Using a combination of genetically modified mice and pharmacological inhibitors, I 
demonstrated the relative contribution of the vasoactive neuropeptide CGRP, but not substance 
P to this response, highlighting the involvement of a neurogenic component. Moreover, it was 
clearly demonstrated that cinnamaldehyde-induced vasodilatation is independent of 
cyclooxygenase-derived products such as prostaglandins but dependent on nNOS-derived nitric 
oxide. This is the first study to illustrate a link between TRPA1 activation and nNOS-derived 
nitric oxide production in the peripheral vasculature. Previous work has shown a crucial role for 
reactive oxygen species in mediating neurogenic-induced vasodilatation, downstream of CGRP 
and NK1 receptors activation (Starr et al., 2008). In the current study, I also introduce the 
concept that reactive oxygen species, such as superoxide, hydroxyl radicals and peroxynitrite 
play a pivotal role in TRPA1-dependent vasodilation, possibly downstream of CGRP. The 
source of reactive oxygen species remains unknown and requires further investigation (Figure 
3.15). TRPA1-mediated vasodilatation involving reactive oxygen species may be important in 
understanding neurogenic inflammation in different pathophysiological conditions such as 
migraine or ischemic damage.  









Figure 3.14 Signalling mechanisms underlying TRPA1-dependent vasodilatation by 
exogenous agonist cinnamaldehyde.The diagram summarises the signalling pathways 
involved in mediating cinnamaldehyde-induced vasodilatation in the peripheral vasculature. 
Cinnamaldehyde activates TRPA1 and causes stimulation of nerve endings from primary 
afferent neurons. This releases the neuropeptide CGRP and nNOS-derived nitric oxide to 
mediate an increase blood flow in the vasculature. CGRP acts on CGRP receptor complex; 
CRLR and RAMP1 to induce an increase in intracellular cAMP via adenylyl cyclase and cAMP 
further phosphorylate PKA and open KATP channels to mediate relaxation. Nitric oxide acts on 
stimulating sGC to subsequently form cGMP, activating PKG which causes reuptake calcium 
and opens potassium channels, leading to hyperpolarization of the membrane and further 
relaxing the VSMC. Abbreviations: CA, Cinnamaldehyde; cAMP,cyclic adenosine 
monophosphate; cGMP,cyclic guanosine monophosphate; CGRP, calcitonin gene-related 
peptide; ONOO
—
, peoxynitrite; NO, nitric oxide; nNOS, neuronal nitric oxide; KATP, ATP-
sensitive potassium;PKA, protein kinase A; PKG, protein kinase G; sGC, soluble guanylyl 
cyclase; TRPA1, transient receptor potential ankyrin-1; VSMC, vascular smooth muscle cell.   
 
 







Figure 3.15 Proposed signalling mechanisms and sources of ROS involved in TRPA1-
dependent vasodilatation by exogenous agonist cinnamaldehyde.The diagram summarises 
the reactive oxygen species (ROS) signalling pathways involved in mediating cinnamaldehyde-
induced vasodilatation in the peripheral vasculature. ROS may be produced (1) in the VSMC 
downstream of neuropeptide CGRP receptor activation. ROS such as superoxide can react with 
nitric oxide to produce peroxynitrite, leading to relaxation of VSMC; (2) directly in the sensory 
neurons or (3) release by the keratinocytes following activation of TRPA1. Abbreviations: CA, 
Cinnamaldehyde; cAMP,cyclic adenosine monophosphate; cGMP,cyclic guanosine 
monophosphate; CGRP, calcitonin gene-related peptide; ONOO
—
, peoxynitrite; NO, nitric 
oxide; nNOS, neuronal nitric oxide; PKA, protein kinase A; PKG, protein kinase G; ROS, 
reactive oxygen species; sGC, soluble guanylyl cyclase; TRPA1, transient receptor potential 
ankyrin-1; VSMC, vascular smooth muscle cell.  
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Chapter 4 – Investigating cold-induced vasodilatation 
4.1 Introduction 
In the previous chapter, the role of TRPA1 in the peripheral vasculature was investigated using 
an exogenous TRPA1 agonist which was shown to cause vasodilatation and I investigated the 
detailed mechanisms underlying this response in vivo. I sought to further use this knowledge 
and investigate if a similar mechanism exists when TRPA1 is activated using a different 
stimulus, a local cold challenge. Since its discovery, TRPA1 has been reported to be a cold 
sensor (Story et al., 2003) and several studies have investigated its role in cold-induced 
hyperalgesia. However, this remains a controversial issue with a host of conflicting evidence as 
there are other thermo-sensitive TRP channels such as TRPM8, TRPV4 and TRPV1. 
Furthermore, a role of TRPA1 in the vascular response to cold has not been previously 
investigated. Zhou et al. recently reported only 15.3% of airway receptors in the lower 
respiratory tract of rat could respond to cold (8°C) in a TRPA1-dependent manner and these 
receptors can be activated by TRPM8 agonist menthol (Zhou et al., 2011). Several studies have 
investigated the role of both TRPM8 and TRPA1 in cold-induced responses (Namer et al., 2008, 
Knowlton et al., 2011, Gentry et al., 2010, Knowlton et al., 2010). The conflicting evidence may 
be due to the different cooling temperature parameters and profiles investigated in these studies. 
Additionally, both TRPM8 and TRPA1 are cold-sensors and hence, there is increased 
probability that both channels are activated in these studies. It is unknown whether there is an 
interaction between these two channels. 
It is well established from human studies that at an environmental temperature of 10°C or less, 
CIVD occurs to reduce the risk of local cold-induced injury (Daanen, 2003), as discussed in 
chapter 1. CIVD consists of a competition between mechanisms under central control, such as 
closing of blood vessels to retain body heat and local mechanisms, such as opening of blood 
vessels to avoid local cold-induced injury (Daanen, 2003). The exact mechanisms underlying 
this CIVD phenomenon remain unknown, although a few theories including the axon reflex 
(Hornyak et al., 1990, Ji et al., 2007) and sympathetic nerve (Gardner and Webb, 1986) have 
been proposed, as discussed in chapter 1. When this project was initiated, there was a lack of in 
vivo models to study acute cold responses in the peripheral vasculature. Therefore, the aim of 
this study was to design an acute local cold model in mouse that responded similarly to earlier 
human findings. This would then be used to investigate the mechanisms underlying the cold-
induced vascular responses in vivo, using a non-freezing temperature (10°C), which is 
hypothesised to selectively target the temperature window of TRPA1.  




4.1.1 Brief methods 
Using the FLPI, cold-induced vascular responses were studied, as detailed in Chapter 2 (section 
2.4). Briefly, skinblood flow was measured concomitantly in the whole area of both hindpaw of 
male mice anaesthetised with ketamine (75mg/kg) and medetomidine (1mg/kg). Following 
baseline measurement for 5-10 min, the mouse was subsequently removed from the heating mat 
and the ipsilateral paw was exposed up to the level of the joint between the tibia and the 
calcaneum to cold water (10°C) for 5 min. In one set of experiment, the ipsilateral paw was 
immersed in warm water (26°C) for 5 min. The contralateral hindpaw was left untreated at room 
temperature (~22°C). Hence, this protocol allowed the simultaneous assessment of blood flow 
responses in the cold-treated and control paws in the same mouse. Following treatment, the 
hindpaw was dried as detailed in section 2.4.4 and blood flow measurement was resumed for 30 
min using the FLPI.  
All the experiments studying cold-induced blood flow responses were conducted using FLPI in 
male mice. The response to cooling consisted of an initial reduction in flux, in keeping with 
vasoconstriction, followed by a slow developing sustained increased flux, consistent with 
vasodilatation. This whole response observed following treatment is termed “cold-induced 
vascular response” in this chapter. Data was recorded as flux arbitrary units and in this chapter, 
data was analysed as AUC from time ‘0 min’ following treatment (cold water immersion and 
drying of hindpaw) to 30 min recording, as detailed in section 2.8.2.A range of pharmacological 
inhibitors was used to investigate the mediators involved in mediating cold-induced vascular 
responses (section 2.6). 
Skin subcutaneous and surface temperature was measured in the hindpaw at baseline and 
following local cold treatment. Skin surface temperature was also monitored during the active 
cooling period, as detailed in section 2.5. Hindpaw tissue samples were collected at 30 min 
following local cold treatment and ex vivo analysis was conducted to investigate superoxide 
release using Lucigenin assay, H2O2 generation using AMPLEX RED assay and mRNA gene 










4.2.1 Characterisation of cold-induced vascular response in the mouse hindpaw 
In this chapter, I describe the development of a new model to investigate the effects of local 
cooling on blood flow responses in the mouse hindpaw. Previous studies have looked at 
different methods such as using thermocouples attached to the skin (Daanen, 2003), immersing 
tail or limb in stirred ice water or using modified peltier cooling elements to cool the ventral 
side of the hindpaw (Kusters et al., 2010). In our model, the ipsilateral paw of the anaesthetised 
mouse was immersed in 10°C water for 5 min whilst the contralateral paw remained untreated 
and skin temperature or blood flow were recorded following treatment. Unfortunately, it was 
impossible to measure blood flow during the cooling period where the paw was immersed in 
cold water. However, this non-invasive set-up enabled responses in both hindpaws to be 
measured simultaneously for a period afterwards, where the ipsilateral hind-paw is treated with 
cold and the contralateral hindpaw of the same mouse acts as control. The technique also 
allowed simultaneous bilateral assessment of cold-induced vascular response following 
treatment in the ipsilateral hindpaw, as well as monitoring any potential reflex vasoconstriction 
in the untreated contralateral hindpaw of the mice.  
Both the ipsilateral and contralateral hindpaws showed similar baseline blood flow (Figure 
4.1A-B). Figure 4.1A illustrates the time course of blood flow measurement at baseline and 
following treatment.  Following the 5 min immersion in 10°C water, the blood flow of the 
ipsilateral treated hindpaw rapidly declined and this phase represents the transient 
vasoconstriction of the vascular response and minimal changes were observed in the untreated 
contralateral paw (Figure 4.1A-B). A maximum drop in blood flow is observed after 
approximately 2 min of blood flow measurement in the cold-treated hindpaw (Figure 4.1A-B). 
Cold-induced vasoconstriction is not regarded as a generalised response as it only occurs in the 
cold-treated hindpaw. The mechanisms underlying the constrictor response will be further 
detailed in chapter 5. Blood flow then gradually returns to baseline, as shown by the recording 
over the 30 min period (Figure 4.1A). This phase is referred to in this chapter as vasodilatation 
and the exact nature of this response, i.e. whether it is rewarming or a direct vasodilator nature 
is discussed in chapter 5 and 6. 
The changes in skin temperature were also monitored and are shown in Figures 4.1C and D. 
There was a rapid drop in both skin surface and subcutaneous temperature following the local 
cold treatment in the ipsilateral hindpaw, with no changes observed in the untreated 
contralateral hindpaws (n=3-6). The subcutaneous temperature of the hindpaw decreased to a 




reading of 24°C, which was the minimum temperature that the implanted temperature 
microchips could detect (Figure 4.1C).  
By comparison, the skin surface temperature of the hindpaw was measured during the active 
cooling period when the hindpaw was immersed in cold water and the temperature decreased to 
approximately 15°C (Figure 4.1D), as measured by the attached skin surface temperature wire 
thermometer.. Both the skin surface and subcutaneous temperature of the cold-treated ipsilateral 
hindpaw was shown to return to basal temperature 10-12 min following treatment. No changes 
in temperature were observed in the untreated contralateral paws throughout the measurement 
period that followed treatment. The changes in hindpaw blood flow responses appear to play a 
role in maintaining a constant peripheral cutaneous temperature, confirming the role of 
cutaneous skin blood flow in peripheral temperature homeostasis. The blood flow responses 
over the 30 min recording period were quantified using area under the curve, from 0 min, 
immediately after cold treatment to 30 min following treatment, as described in chapter 2. Cold 
(10°C) water immersion for 5 min caused a significant increase in the cold-induced vascular 
response when compared to untreated hindpaw or hindpaw treated at 26°C (Figure 4.1E). 
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Figure 4.1 Characterisation of cold-induced vascular response in the hindpaw of CD1 
mice using Full-field Laser Perfusion Imager. 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated. Results recorded over 30 min following 
treatment A) Representative traces of blood flow responses assessed by Full-Field Laser 
Perfusion Imager vs. time trace at baseline and following local cold challenge of mouse 
hindpaw. An upward deflection in the trace is proportional to an increase in blood flow, B) 
Representative images as observed by the Full-Field Laser Perfusion Imager alongside 
grey/black scale ‘photo’ image showing blood flow recorded at baseline and over 30 min for 
cold-treated hindpaw in male CD1 mouse, C) Effects of local cold challenge on subcutaneous 
skin temperature in hindpaw of CD1mice as measured using subcutaneously implanted 
temperature sensors (n=3). Subcutaneous temperature was measured at baseline (-5 to 0 min) 
and following local cold treatment (0 to 30 min),D) Effects of local cold challenge on skin 
surface temperature in hindpaw of CD1 mice as measured using a surface temperature wire 
thermometer on the hindpaw (n=6). Skin surface temperature was measured at baseline (-10 to -
5 min), during local cold treatment (-5 to 0 min) and following treatment (0-30 min),E) Blood 
flow (  103 flux units) measured over 30 min period following local water treatment at 10°C 
(n=4) and 26°C (n=7), with respective control (untreated ipsilateral hindpaw) and expressed as 
area under the curve (AUC). Results are shown as mean + S.E.M. ***p<0.001 compared to 
respective untreated hindpaw of mice using Student’s t test. 
  




4.2.2 Role of TRPA1 in cold-induced vascular response 
I next investigated if this cold-induced vascular response observed to 10°C cooling is dependent 
on TRPA1 in vivo in mice. As shown in the representative trace, following cold immersion there 
was a decrease in blood flow which returned back to baseline over the 30 min period in TRPA1 
WT mice hindpaw, but this response was completely absent in TRPA1 KO hindpaw (Figure 
4.2A) and no change was observed in the untreated paw. A similar trend was observed whilst 
assessing the cold-induced vascular response, which was inhibited in the TRPA1 KO mice 
when compared to WT mice (p<0.001, n=9-12, Figure 4.2B). Our results illustrate that both the 
vasoconstrictor and vasodilator components of the cold-induced vascular responses are inhibited 
in the TRPA1 KO mice, and the role of TRPA1 in cold-induced vasoconstriction will be further 
discussed in chapter 5.  
To confirm the role of TRPA1, I further used the TRPA1 antagonist HC030031, which was 
previously shown in chapter 3 to significantly decrease cinnamaldehyde-induced vasodilatation. 
Pre-treatment with HC030031 (100mg/kg, i.p.) caused a marked decrease in cold-induced 
vascular responses when compared to control-treated group (p<0.001, n=8-10, Figure 4.2C). 
However, there seems to be a residual response to cold-water immersion in the hindpaws of 
mice pre-treated with HC030031, albeit this remaining response is not significant. I also 
observed no change in blood flow responses when the hindpaw was immersed in 26°C warm 

































Figure 4.2 Cold-induced vascular response is dependent on TRPA1 in the peripheral 
vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion and 
contralateral hindpaw remains untreated using Full-Field Laser Perfusion Imager (FLPI). 
Results recorded over 30 min following treatment A) Representative traces of blood flow 
responses assessed by FLPI vs. time trace at baseline and following local cold challenge in 
TRPA1 WT and KO mouse. An upward deflection in the trace is proportional to an increase in 
blood flow. Blood flow (  103 flux units) measured over 30 min period following local water 
treatment at 10°C with respective control (untreated ipsilateral hindpaw) and expressed as area 
under the curve (AUC) in B) TRPA1 WT and KO mice (n=9-12) and in C) WT mice pre-
treated with the TRPA1 antagonist HC030031 (100mg/kg, i.p., 30 min, n=8) or control (10% 
DMSO in saline, i.p., 30 min, n=10). D) Blood flow responses following local water treatment 
at 26°C with respective control (untreated ipsilateral hindpaw) in TRPA1 WT and KO mice 
(n=4). Results are shown as mean + S.E.M. ***p<0.001, compared to respective untreated, 
###p<0.001 compared to cold-treated hindpaw of mice using 2-way ANOVA followed by 
























































































































4.2.3 Role of other thermosensitive TRP channels in the cold-induced vascular response 
With the increasing conflicting evidence suggesting that TRPA1 is not the primary sensor of 
cold, I sought to investigate the potential role of the other thermosensitive TRP channels in the 
cold (10°C)-induced vascular responses. I previously showed in chapter 3 that TRPV1 does not 
have a role in influencing the TRPA1 agonist cinnamaldehyde-induced vasodilatation. Since it 
is known that TRPA1 is co-expressed on TRPV1-expressing sensory neurons, I investigated 
whether TRPV1 can potentially interact with TRPA1 and play a role in cold-induced vascular 
responses. As expected there was no significant change in cold-induced vascular responses 
between WT and TRPV1 KO mice (p>0.05, n=5-7, Figure 4.3A). This finding was further 
confirmed in mice pre-treated with the TRPV1 antagonists SB366791 and AMG9810, where 
there was no change in cold-induced changes in blood flow responses. I further confirm that 
TRPV1, known as a thermo-sensor for noxious heat does not play a role in cold-induced 
vasodilatation, despite its presence on sensory nerves (p>0.05, n=5-7, Figure 4.3B-C).  
The thermosensitive channel TRPV4 has been reported to be activated at a temperature range of 
25 to 34°C (Guler et al., 2002, Watanabe et al., 2002). The cold-induced blood flow responses 
were unaltered in TRPV4 KO mice, when compared to WT mice, which indicates lack of 
involvement of this channel (n=3, Figure 4.3D). This finding suggests that local cold (10°C) 
treatment does not activate TRPV4. There is an unclear understanding of the role of TRPM8 
which is also expressed on sensory neurons and is proposed to be activated at a temperature 
between 10°C and 25°C (Knowlton et al., 2010, Almeida et al., 2012). Interestingly, cold-
induced vascular responses were significantly reduced in TRPM8 KO mice when compared to 
WT mice (p<0.05, n=5, Figure 4.3E), but not to the same extent observed in the TRPA1 KO 
mice (Figure 4.2B). A similar trend in cold-induced vascular responses was observed in CD1 
mice pre-treated with the selective TRPM8 antagonist AMTB (10mg/kg) when compared to 





























































































































































































































Figure 4.3 The role of thermosensitive TRP channels in cold-induced vascular response in 
the peripheral vasculature 
Blood flow (x 10
3 
flux units) in mouse hindpaw following cold water (10°C) immersion while 
the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment and expressed as area under the curve (AUC). A) Effects of 
local cold challenge in TRPV1 WT (n=7) and KO (n=8) mice, B) Effects of TRPV1 antagonist 
SB366791 (5mg/kg, i.p., 2h, n=7) and control (2% DMSO in saline) in CD1 mice (n=7), C) 
Effects of the TRPV1 antagonist AMG9810 (50mg/kg, i.p., 30 min, n=5) and control (2% 
DMSO, 5% Tween-80 in saline) in CD1 mice (n=5), Effects of local cold challenge in D) 
TRPV4 WT and KO mice  (n=3), E) TRPM8 WT and KO mice (n=5) and F) WT mice pre-
treated with the TRPM8 antagonist AMTB (10mg/kg, i.p., 30 min, n=4) or control (2% DMSO 
in saline, n=9). Results are shown as mean + S.E.M. *p<0.05, **p<0.01, ***p<0.001 compared 
to respective untreated, ##p<0.01 compared to cold-treated hindpaw of mice using 2-way 
ANOVA followed by Bonferroni post hoc test.   
  




4.2.4 Role of sensory neurons and neuropeptides in cold-induced vascular responses 
Previous studies in our group have shown that TRPA1-mediated vasodilatation induced by 
TRPA1 agonists mustard oil and 4-ONE are dependent on the release of neuropeptides in the 
periphery (Grant et al., 2005, Graepel et al., 2011). Furthermore, I have increasing evidence in 
chapter 3 showing that the TRPA1 agonist cinnamaldehyde also increases blood flow responses 
in a CGRP/substance P-dependent manner. Hodges et al. (2007) demonstrated that sensory 
neurons play a role in cold-induced responses as the blockade of the sensory nerves using local 
anaesthesia was shown to decrease local prolonged cooling-induced cutaneous vascular 
conductance in humans (Hodges et al., 2007). It remains unknown whether sensory neurons 
have a role in an acute local cold treatment. I investigated the role of sensory neurons in our 
cold model by initially using local anaesthesia. The local pharmacological blockade of the 
sensory neurons using topical administration of EMLA, which is a combination of lidocaine and 
prilocaine was shown to have no significant effect in decreasing cold-induced vascular response 
when compared to control (p>0.05, n=3-5, Figure 4.4A). This finding was further investigated 
using a different administration of the local anaesthetic. Administration of the sodium channel 
blocker lidocaine (i.pl.) only was further shown to cause a significant decrease in cold-induced 
vascular response when compared to control-treated groups (p<0.01, n=5, Figure 4.4B). It is 
worth highlighting that pre-treatment with lidocaine also caused a decrease in baseline blood 
flow and in blood flow responses in the untreated contralateral hindpaw (Figure 4.4B). 
TRPA1 is known to be expressed on sensory neurons and it is evident from our study that 
TRPA1 can act as a vascular cold sensor at low temperature (10°C). I hypothesised that if 
sensory neurons have a role in influencing cold-induced blood flow responses, these effects may 
be mediated by the release of neuropeptides following the activation of TRPA1 by cold (10°C). 
This concept was investigated in pharmacogenetic studies. I first provide clear evidence that the 
pharmacological blockade of both neuropeptide CGRP and NK1 receptors using CGRP8-37 and 
SR140333, respectively caused a marked decrease in cold-induced vascular response when 
compared to control (n=8, p<0.001, Figure 4.4C). This finding suggests that both neuropeptides 
may have a role in cold-induced vascular response, in agreement to previous findings with the 
TRPA1 agonist cinnamaldehyde in chapter 3. The contribution of each neuropeptide in this 
response was further investigated, where interestingly I showed that both neuropeptides 
contributed to cold-induced vascular responses. Our results showed that pre-treatment with 
SR140333 alone was sufficient to cause a significant decrease in cold-induced blood flow 
responses (p<0.001, n=7-8, Figure 4.4D) and a similar pattern was observed in the group pre-
treated with CGRP8-37 alone (p<0.01, n=7, Figure 4.4E). I also investigated the effects of the 




non-peptide CGRP receptor antagonist BIBN4096BS on the potential CGRP-induced responses 
in the local cold model. This antagonist is more stable and has been shown to be an effective 
and selective antagonist in the mouse (Doods et al., 2000, Grant et al., 2004). Pre-treatment with 
BIBN4096BS caused a similar decrease in cold-induced vascular responses as CGRP8-37, when 
compared to control-treated group (p<0.01, n=9, Figure 4.4F). 
To further confirm the role of the neuropeptide CGRP in this model, I investigated the effects of 
local cold (10°C) treatment for 5 min in α-CGRP WT and KO mice. Local cold (10°C) water 
treatment caused a significant increase in blood flow responses when compared to the untreated 
hindpaw in CGRP WT mice, but surprisingly there was no significant decrease in cold-induced 
vascular responses between α-CGRP WT and KO mice (p>0.05, n=5, Figure 4.5A). This 
finding does not correlate to the previous results with CGRP receptor antagonists and hence, I 
further investigated the expression of α-CGRP, β-CGRP, and TRPA1 mRNA in α-CGRP WT 
and KO mice. I showed that α-CGRP KO mice expressed no copies of α-CGRP mRNA in DRG 
samples, but surprisingly there was a significant increase in β-CGRP and TRPA1 mRNA levels 
in the α-CGRP KO mice when compared to WT mice (p<0.01, n=3, Figure 4.5 B-D). To 
investigate the role of β-CGRP in the cold-induced vascular responses, α-CGRP KO mice were 
pre-treated with BIBN40964BSwhich would be expected to antagonise the potential effects of 
β-CGRP on CGRP receptors in the α-CGRP KO mice. Interestingly, I demonstrated that cold-
induced vascular responses were shown to be significantly reduced in α-CGRP KO pre-treated 
with BIBN4096BS when compared to control (p<0.01, n=5, Figure 4.5D).  
  





















































































































































































































Figure 4.4 The cold-induced vascular response is partially dependent on neuropeptides in 
the peripheral vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) 
recorded over 30 min following treatment and expressed as area under the curve (AUC). Cold-
induced vascular responses in the hindpaw of CD1 mice pre-treated with A) EMLA (2.5% 
lidocaine and 2.5% prilocaine, topical, 5min, n=3) or untreated (n=5), B) local sensory neuron 
blockade using the sodium channel blocker lidocaine (2% in saline, i.pl., 5min, n=5) or control 
(saline, i.pl., 5 min, n=5), C) a combination of the selective CGRP receptor antagonist CGRP8-37 
(400nmol/kg, i.v., 5min) and the neurokinin-1 receptor antagonist SR140333 (480nmol/kg, i.v., 
5min) (n=8) or control (0.01% BSA in saline, n=8), D) with SR140333 alone or respective 
control (saline) (i.v., 5min, n=7-8), E) CGRP8-37 alone or respective control (0.01% BSA in 
saline) (i.v., 5min, n=7), F) CGRP receptor antagonist BIBN40946S alone (0.3mg/kg, i.v., 5 
min, n=9) or respective control (saline, i.v., 5 min, n=10). Results are shown as mean + S.E.M. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to respective untreated, ##p<0.01, 
###p<0.001 compared to cold-treated hindpaw of mice using 2-way ANOVA followed by 
Bonferroni post hoc test.   
  
















































































































































































Figure 4.5 The cold-induced vascular response is dependent on β-CGRP in the peripheral 
vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) 
recorded over 30 min following treatment and expressed as area under the curve (AUC). A) 
Cold-induced vascular responses in the hindpaw of α-CGRP WT and KO mice (n=5). 
Expression of B) α-CGRP, C) β-CGRP and D) TRPA1 mRNA in cold (10°C)-treated DRG 
samples using qRT-PCR. Samples were collected at 30 min following treatment in the 
anaesthetised mice and results are expressed as copy numbers per sample normalised to 
GAPDH and actin (n=3). D) Cold-induced vascular responses in the hindpaw of α-CGRP KO 
mice pre-treatment with CGRP receptor antagonist BIBN40946S alone (0.3mg/kg, i.v., 5 min, 
n=5) or respective control (saline, i.v., 5 min, n=5). Results are shown as mean + S.E.M. 
*p<0.05, **p<0.01 compared to respective untreated, ##p<0.01 compared to cold-treated 
hindpaw of mice using 2-way ANOVA followed by Bonferroni post hoc test or Student’s t-test.   
  




4.2.5 Effects of indomethacin in cold-induced vascular responses 
Following on from the evidence that neuropeptides have a role in cold-induced vascular 
responses, I further investigated the role of other established vasodilators such as 
prostaglandins. Prostaglandins have previously been reported to activate TRPA1 in HEK cells 
(Taylor-Clark et al., 2008) and in vivo to induce pain (Materazzi et al., 2008). Furthermore, 
Franz previously showed that prostaglandins are involved in modulating vasomotor tone, as 
measured by changes in foot-pad temperature during cold exposure (0°C) in domestic cats 
(Franz, 1985). I investigated the role of prostaglandins in cold-induced vascular responses in 
this study using the non-selective cyclo-oxygenase inhibitor indomethacin. I showed that pre-
treatment with indomethacin had no significant effects in suppressing the cold-induced vascular 
responses (p>0.05, n=10-12, Figure 4.6). 
  













Figure 4.6 Cold-induced vascular response is independent of prostaglandins in the 
peripheral vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) 
recorded over 30 min following treatment and expressed as area under the curve (AUC). Cold-
induced vascular responses in the hindpaw of CD1 mice pre-treated with non-selective 
cyclooxygenase inhibitor indomethacin (5mg/kg, s.c., 60 min, n=10) or control (5% NaHCO3 in 
saline, s.c., 60 min, n=12). Results are shown as mean + S.E.M. *p<0.05 compared to respective 

































4.2.6 Role of nitric oxide  and neuropeptides in cold-induced vascular responses 
Our results thus far have shown that local cold (10°C) exposure for 5 min induced a cold-
induced vascular response which is dependent on the activation of TRPA1 and I further showed 
that neuropeptides play an important role in the vasodilator component of the responses. 
Neuropeptides are known to be released following the stimulation of sensory neurons.  It is 
interesting to note that in this study, the pharmacological blockade of the neuropeptide receptors 
caused a significant decrease in TRPA1-mediated vascular responses with both TRPA1 agonists 
cinnamaldehyde and cold (10°C). However, there remains a residual effect and as shown in 
chapter 3 this is mediated by nitric oxide for cinnamaldehyde-induced vasodilatation but it 
remains unknown whether nitric oxide is involved in cold-induced vascular responses. It is 
known from several previous human studies that cold exposure and shear stress can increase 
eNOS activation at 28°C and decrease eNOS activation at 4°C (Binti Md Isa et al., 2011). 
Furthermore there is also evidence showing that cooling has time-dependent effects on nitric 
oxide production in cutaneous and deep arteries of rabbit (Fernandez et al., 1994). Thus, I 
investigated the role of nitric oxide in the cold-induced vascular responses using 
pharmacological inhibitors.  
Pre-treatment with the non-selective NOS inhibitor L-NAME was shown to cause a significant 
decrease in cold-induced vascular responses compared to control groups (p<0.01, n=7-10, 
Figure 4.7A). This highlights that nitric oxide may play a role in the cold-induced vascular 
responses mediated by TRPA1. Furthermore, pre-treatment with a combination of neuropeptide 
receptor antagonists and L-NAME was shown to completely abolish the cold-induced vascular 
response (p<0.0001, n=8, Figure 4.7B). This highlights an important role of both neuropeptides 
and nitric oxide in the cold-induced vascular response. I previously showed that nNOS was 
involved in cinnamaldehyde-induced vasodilatation in chapter 3 and hence, I further 
investigated the source of NOS for the generation of nitric oxide in the cold-induced responses. 
I initially investigated the possible role of iNOS by using the selective iNOS inhibitor 1400W. 
Interestingly, pre-treatment with the iNOS inhibitor 1400W at two different doses (1 and 
3mg/kg) was shown to significantly reduce cold-induced vascular responses (p<0.01, n=5-7, 
Figure 4.7C) and this suggests an important role of iNOS-derived nitric oxide in the cold-
induced blood flow responses. Pre-treatment with the selective nNOS inhibitor SMTC was 
shown to significantly decrease cold-induced vascular responses when compared to control 
treated groups (p<0.0001, n=6-7, Figure 4.7D). Furthermore, I clearly showed that the cold-
induced vascular responses were completely abolished in CD1 mice pre-treated with a 




combination of CGRP8-37, SR140333 and SMTC when compared to control (p<0.0001, n=7-9, 
Figure 4.7E).  
The expression of the 3 isoforms of NOS mRNA was investigated in the hindpaw and DRG 
tissue samples at 30 min following the local cold treatment of the hindpaw. Interestingly, I 
found that there was no significant change in eNOS, iNOS and nNOS mRNA expression 
between cold-treated hindpaw or DRG tissue samples when compared to their respective 
untreated tissue samples in WT mice (p>0.05, n=4-5, Table 4.1).  









































































































































































































Figure 4.7 Cold-induced vascular response is dependent on nitric oxide and neuropeptides 
in the peripheral vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) 
recorded over 30 min following treatment and expressed as area under the curve (AUC). Cold-
induced vascular responses in the hindpaw of CD1 mice pre-treated with A) and B) non-
selective nitric oxide synthase inhibitor L-NAME (15mg/kg, i.v., 5min, n=7) or control (saline, 
i.v., 5min, n=10) alone in the presence of CGRP8-37 and SR140333 (n=8), C) selective iNOS 
inhibitor 1400W (1mg/kg or 3mg/kg, i.v., 5min, n=5-7) or control (saline, i.v., 5min, n=7), D) 
and E) nNOS inhibitor SMTC (10mg/kg, i.v., 5min, n=6) or control (saline, i.v., 5min, n=7) 
with or without CGRP8-37 and SR140333 (n=7-9). Results are shown as mean + S.E.M. 
***p<0.001, ****p<0.0001 compared to respective untreated, ##p<0.01, ###p<0.001, 
####p<0.0001 compared to cold-treated hindpaw of mice using 2-way ANOVA followed by 
Bonferroni post hoc test.   
  





Plantar Skin DRG 
Untreated Cold (10°C) Untreated Cold (10°C) 
eNOS 107294 + 29808 65408 + 36425 45329 + 14100 59691 + 4547 
iNOS 267.4 + 36.14 245.5 + 26.5 223.8 + 12.1 291.9 + 15.7 
nNOS 715.4 + 83.1 892.9 + 301.9 1368 + 205.3 1643 + 277.7 
 
Table 4.1 Expression of NOS mRNA in cold (10°C)-treated DRG and paw samples using 
RT-qPCR. mRNA expression of eNOS, iNOS and nNOS at 30 min following treatment in the 
anaesthetised mouse. Results are expressed as copy numbers per sample normalised to GAPDH 
and actin (n=4-5). Data was analysed using Student’s t test.  
  




4.2.7 Role of reactive oxygen species in cold-induced vascular responses 
There is clear evidence in the previous chapter that TRPA1-mediated vasodilatation induced by 
cinnamaldehyde is dependent on the generation of reactive oxygen species such as hydroxyl 
radicals, superoxide and nitrotyrosine.  Furthermore, there is evidence in the literature showing 
that in vitro, cold (4°C) treatment can induce the release of reactive oxygen species, mostly 
hydroxyl radicals (Rauen and de Groot, 1998), and cooling the mouse tail artery was shown to 
cause a rapid increase in reactive oxygen species in vascular smooth muscle cells (Bailey et al., 
2005). I sought to investigate the role of reactive oxygen species in our cold model, by focusing 
on the reactive oxygen species scavengers or inhibitors, which were shown to reduce 
cinnamaldehyde-induced vasodilatation in chapter 3.  
Pre-treatment with reactive oxygen species scavenger N-acetylcysteine showed no significant 
change in cold-induced vascular responses when compared to control (p>0.05, n=4, Figure 
4.8A). The genetic deletion of NOX4 also had no effects in altering cold-induced blood flow 
responses, as shown in NOX4 WT and KO mice (n=5-7, Figure 4.7B) and this suggests that 
reactive oxygen species are not generated by NOX4. Interestingly, I demonstrated that pre-
treatment with SOD and H2O2 scavenger catalase was remarkably ineffective in suppressing 
cold-induced vascular response in CD1 mice when compared to control (n=4, Figure 4.8C). 
There were no significant changes in H2O2 or superoxide levels between cold-treated and 
untreated hindpaw tissue samples collected at 30 min following treatment (p>0.05, n=6, Figure 
4.8D-E).  
I demonstrated that pre-treatment with SOD mimetic tempol resulted in a significant decrease in 
cold-induced blood flow responses when compared to control-treated groups (p<0.01, n=4, 
Figure 4.8F). Although hydroxyl radicals have been previously reported to be involved in cold-
induced effects, I demonstrated that pre-treatment with the iron chelator deferoxamine was 
ineffective in causing significant changes in cold-induced vascular responses (p>0.05, n=4, 
Figure 4.8G).  
















































































































































































































































Figure 4.8 Cold-induced vascular response is dependent on reactive oxygen species in the 
peripheral vasculature 
Blood flow responses in mouse ipsilateral hindpaw following cold water (10°C) immersion 
while the contralateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) 
recorded over 30 min following treatment and expressed as area under the curve (AUC). Cold-
induced vascular responses in the hindpaw of A) CD1 mice pre-treated with reactive oxygen 
species scavenger N-acetylcysteine (300mg/kg, i.p., 30 min, n=4) or control (saline, i.p., 30 
min, n=4), B) NOX4 WT and KO mice (n=5-7) and C) CD1 mice pre-treated with a 
combination of superoxide dismutase (SOD, 25000U/kg) and catalase (25000U/kg) or control 
(denatured SOD and catalase enzyme at 95°C for 20 min, i.p., n=4), D) H2O2 levels in untreated 
or cold-treated hindpaw skin tissues at 30 min following treatment in mice as measured by 
AMPLEX RED assay (n=6), E) Superoxide levels in untreated or cold-treated hindpaw skin 
tissues at 30 min following topical treatment in mice, as measured by Lucigenin assay (n=6). 
Cold-induced vascular responses in the hindpaw of CD1 mice pre-treated with F) SOD mimic 
TEMPOL (30mg/kg) or respective control (saline, i.v., n=4), G) iron chelator deferoxamine 
(DFO, 25mg/kg, i.p., 30 min, n=4) or control (saline, i.p., 30 min, n=4). Results are shown as 
mean + S.E.M. **p<0.01, ***p<0.001 compared to respective untreated, ##p<0.01 compared to 
cold-treated hindpaw of mice using 2-way ANOVA followed by Bonferroni post hoc test.   
  





This chapter examined the in vivo effects of local cold immersion, a proposed model of 
activating TRPA1 in the mouse hindpaw by analysing the total overall change in blood flow 
from baseline following cold treatment. Hence, the term ‘cold-induced vascular response’ is 
used to define the changes in blood flow for 30 min following cold treatment in this chapter. 
The next chapter will concentrate on the vasoconstrictor response of the cold-induced vascular 
response.  I hypothesised that the cold-induced vascular response would consist of an initial 
phase of vasoconstriction followed by vasodilatation where the blood flow returns to baseline. 
Initial studies confirmed this hypothesis and further showed that this response was dependent on 
TRPA1, with a potential involvement of TRPM8, which warrants further investigation. The 
other thermosensitive channels such as TRPV1 and TRPV4 do not play a role in this cold-
induced vascular response. I further demonstrated that this response is dependent on the release 
of both neuropeptides CGRP and substance P. Similar to my previous findings with 
cinnamaldehyde in chapter 3, this chapter also provides novel evidence that nNOS-derived NO 
and superoxide may mediate the vasodilator response to TRPA1 activation by cold.  
4.3.1 Characterisation of cold-induced vascular response in the peripheral vasculature 
Previously, Brain et al.  showed that a brief local cold exposure in humans fingers can trigger a 
vasodilator response which is important in protecting against cold-induced injury (Brain et al., 
1990). This protective phenomenon of the cold-induced vascular response is important and used 
as a diagnostic tool in quantitative sensory-testing for patients suffering from peripheral 
vascular diseases such as diabetes and Raynaud’s disease (Brain et al., 1990, Kusters et al., 
2010). It has been shown that Raynaud’s patients have an increased vasoconstrictor response to 
cold (Brain et al., 1990, Charkoudian, 2003). Local cold exposure using cold air (28°C to 5°C) 
was shown to reduce blood flow and skin temperature of mice hindpaws, with the biggest 
decrease in responses at 5°C, but it was reported that more reproducible results are derived at 
10°C (Honda et al., 2007). It is worth highlighting here that the cold-induced vascular response 
in this study is different from previous reported CIVD or Hunting reaction. The latter is a cyclic 
regulation of blood flow during prolonged cooling of exposed areas such as hands, feet and nose 
(Lewis, 1930, Leblanc et al., 1975, Daanen, 2003) and this will be discussed more fully in the 
General Discussion (chapter 6).  In this study, I presented an acute model consisting of local 
treatment for 5 min where blood flow is assessed following treatment and measured for 30 min. 
I observed a ‘single’ biphasic vascular response, where there is a transient vasoconstriction 
following the local treatment and this response is followed by a vasodilatation phase which 
brings blood flow back to baseline, without any changes in the untreated paw. Interestingly, 




Thomas et al. showed that the increase in blood flow in the cold-induced vasodilatation phase 
did not reach the same level to the baseline blood flow in human subjects (Thomas et al., 1994). 
It is important to note that in our current cold model, blood flow returns to baseline over the 
course of recording for 30 min following treatment, which is important to protect against local 
cold-induced injury. 
CIVD has been reported to vary within and between subjects as it is influenced by several 
factors such as core body temperature, ambient temperature, gender, age and stress (Daanen, 
2003). Thus, in order to reduce variability in our study, all these parameters were taken into 
consideration and kept constant.  Skin temperature remains an important measured parameter in 
cold studies and I observed a rapid decrease in skin temperature following the local treatment, 
which returned to baseline temperature over the 30 min period recording. This highlights that in 
our acute cold model, the mice hindpaw blood flow is able to recover completely from the cold-
induced vasoconstriction. Previous studies by Kusters et al. have shown that the temperature of 
the rats hindpaws declined rapidly when paws were cooled by the peltier elements in a water 
bath below than 5°C, but the skin temperature in their study does not return to baseline (Kusters 
et al., 2010).  
CIVD as reported in other studies consist of continuous blood flow fluctuations, 
vasoconstriction and vasodilatation which are usually recorded during the treatment period itself 
(Daanen, 2003). Since prolonged vasoconstriction results in tissue damage, the vasodilatation 
phase is important to prevent cold-induced injury and maintain healthy blood flow to the 
periphery (Daanen, 2003). In cold studies, the magnitude of the vasodilatation has been reported 
to rely on the core body temperature and warmth of the skin, as well as the external ambient 
temperature and time of the day the experiments are taken place. These observations correlate 
with previous findings by Daanen (2003) and can affect reproducibility of CIVD. Lack of 
vasodilatation or excessive vasoconstriction in response to cold can cause prolonged tissue 
hypoxia and in extreme cold conditions, or as evident in Raynaud’s phenomenon, can result in 
cyanosis and may lead to gangrene (Block and Sequeira, 2001). Although the hunting reaction 
or CIVD is not observed in our model, the cold-treated hindpaw does not remain in a 
vasoconstricted state. There is a recovery phase where the vessel returns to a normal or dilating 
state allowing blood to flow back and prevent any local vessel injury. This reproducible 
response observed over the 30 min following treatment is referred as the ‘cold-induced vascular 
response’ throughout this study. This response is selective at 10°C as no changes in blood flow 
responses were found at a higher temperature (26°C) which is equivalent to the room 
temperature and serves as a control. This chapter used various pharmacological blockers and 




transgenic mice to investigate the mediators involved in the cold-induced vascular response to 
characterise the model.  
4.3.2 The role of TRPA1 in cold-induced vascular response in the peripheral vasculature 
I provide novel evidence that the cold-induced vascular response in the periphery after 10°C 
water immersion is dependent on TRPA1, as shown clearly in TRPA1 KO mice and mice pre-
treated with the TRPA1 antagonist HC030031. This finding provides evidence that cold 
temperature at 10°C activates TRPA1, which supports previous in vitro findings discussed in 
chapter 1. Story et al. showed that there is a rapid increase in calcium influx when the buffer is 
cooled from 17°C to 11°C, with the highest peak influx at 11°C in CHO cells transfected with 
mTRPA1, but not untransfected cells (Story et al., 2003). El Karim et al. have also shown that 
pre-treatment with HC030031 can block cold (12 + 2°C)-induced calcium increase in cultured 
human dental pulp fibroblasts (El Karim et al., 2011). Furthermore, it was previously shown 
that TRPA1 KO mice displayed significantly increased paw withdrawal latencies when placed 
on a cold plate at 10°C when compared to TRPA1 WT mice (Andersson et al., 2008). With the 
controversy surrounding the role of TRPA1 as a thermo-sensor or thermo-regulator, our current 
study provides new evidence of TRPA1 as a vascular cold (10°C) sensor in the periphery. 
I subsequently investigated the role of other thermo-sensitive TRP channels by initially 
targeting the heat and warm TRP channels, TRPV1 and TRPV4 respectively. As expected, 
TRPV1 was shown to play no role in influencing cold-induced vascular responses in vivo using 
TRPV1 KO mice. This finding was confirmed using WT mice pre-treated with TRPV1 
antagonist SB366791, at a dose previously shown to have an effect in TRPV1-mediated 
nociceptive effects (Fernandes, 2011a). Interestingly, this dose was previously shown to have no 
significant effects on TRPV1 agonist capsaicin-induced vasodilatation in the mouse ear model 
(Fernandes, 2011a). TRPV1 channels have a polymodal activation profile where they can be 
activated by noxious heat, changes in protons and endogenous ligands, where interestingly there 
are different classes of antagonists which block different and not all modes of activation (Alawi 
and Keeble, 2010). I further investigated the role of the high selective TRPV1 antagonist 
AMG9810, which is known to block all modes of TRPV1 activation (Gavva et al., 2005).  Our 
results showed that the pharmacological blockade of TRPV1 had no effect on cold-induced 
vascular responses, confirming that TRPV1 is not involved in this cold model.  
Following on from the heat sensor TRPV1, I investigated the potential role of TRPV4, which is 
activated by warm temperatures (~25°C) (Guler et al., 2002, Watanabe et al., 2002) and has 
been suggested to play a role in thermosensation. Cold treatment was shown to reduce TRPV4 




expression in tongue and muscle, without any change in skin and hence, it was further suggested 
that TRPV4 in the skin may act as an environmental thermosensor (Nagai et al., 2012). I 
investigated the role of TRPV4 in our cold model. I showed clearly that there was an increase in 
cold-induced vascular response following cold treatment (10°C) for 5 min in the treated 
hindpaw of WT mice when compared to the contralateral untreated hindpaw, and interestingly 
the deletion of the TRPV4 gene has no effect on these responses. Indeed, other studies have also 
demonstrated there was no change in core body temperature between TRPV4 WT and KO mice 
following a cold stress where mice were exposed to 4°C for 150 min in a cold room (Liedtke 
and Friedman, 2003). Altogether, these findings suggest that TRPV4 is not involved in cold-
induced responses. 
The findings that TRPV1 and TRPV4 play no role in influencing cold-induced vascular 
responses agree well with earlier published thermal characteristics of these channels and 
strengthen our findings that TRPA1 is acting as a vascular cold sensor at 10°C in vivo. The next 
aim of this study was to investigate the role of the cold sensor TRPM8 which is known to be 
expressed in approximately 10% of primary afferent sensory neurons.  There is presently an 
unclear understanding of the role of the thermo-TRP channels associated with cooling. 
However, there is an increasing amount of evidence showing that TRPM8 is sensitive to 
environmental cool temperatures below 25°C (Zholos, 2010, McKemy et al., 2002) and 
mediates deep body cooling which is associated with cutaneous vasoconstriction (Almeida et 
al., 2012). The evidence thus far suggests that TRPM8 is potentially involved in 
thermoregulation as TRPM8 antagonists cause a change in core body temperature in mice and 
rats (Almeida et al., 2012) but its role in mediating local cold-induced responses remains 
unknown. On the other hand, TRPA1 may not be tonically active as TRPA1 antagonists were 
demonstrated to have no effect in altering core body temperature in mice (Chen et al., 2011, 
Fernandes, 2011b). This suggests that TRPA1 may be more involved in local thermosensation. 
Indeed, a recent study by Knowlton et al. has demonstrated in vivo how the importance of 
TRPM8 overrides TRPA1 in cold detection in a study that was restricted to neural and 
behavioral experiments (Knowlton et al., 2010).  It is important to note here that the study by 
Knowlton et al. was restricted to temperatures of 5-30°C. Based on these evidences, I 
investigated the role of TRPM8 in our acute cold set up model in the vasculature. 
Here, I have explored the possibility of an interaction between TRPA1 and TRPM8 in our cold 
model, focusing on 10°C and the cutaneous vasculature. Our data showed clearly that the 
pharmacological blockade or genetic deletion of TRPM8 caused a significant decrease in the 
cold-induced vascular responses, but to a lesser extent compared to the pharmacological 




blockade or genetic deletion of TRPA1. This evidence is in disagreement with recent findings 
by Knowlton et al. (2013) who showed that the selective ablation of TRPM8 neurons in vivo 
induced a loss of sensitivity to both innocuous and noxious cold (Knowlton et al., 2013). It is 
important to note here that innocuous cold consists of experiments where the surface skin 
temperature is reduced to 17°C following application of acetone whilst noxious cold consisted 
of investigating nociceptive behaviours when the mice were placed on a cold plate at 0°C 
(Knowlton et al., 2013). Nonetheless, as shown previously in chapter 3, the exogenous TRPA1 
agonist cinnamaldehyde-mediated vasodilatation remained unchanged in the presence of the 
TRPM8 antagonist AMTB. Hence, I proposed that TRPM8 is not the primary vascular cold 
sensor at 10°C but may partially be involved in mediating the vascular response as the tissue 
warms up during recovery. Indeed, further investigation is required to understand the role of 
TRPM8 in mediating cold-induced vascular responses in our local cold model. Nevertheless, it 
is clear from our results that the TRPA1 channel is involved in the all phases of the cold-
induced vascular response.  
4.3.3 The role of sensory neuron in the cold-induced vascular responses 
It is well established that mechanosensitive Aδ- and C-fibres innervating the hairy and glabrous 
skin are polymodal and sensitive to changes in temperatures (Simone and Kajander, 1996, 
Simone and Kajander, 1997, Cain et al., 2001). The role of sensory neurons themselves in cold-
induced responses has been studied since the early 1930s (Lewis, 1930). It is known that these 
responses are controlled neurally as cold-induced vasoconstriction was shown to be reduced in 
the nerve injured paw (Kusters et al., 2010). Nevertheless, the mechanism underlying cold-
induced responses is still debatable. Whilst some studies have shown that axon reflexes do not 
occur in cold induced vasodilatation (Daanen and Ducharme, 2000), other studies have shown 
that sensory nerve blockade prevents local skin cooling-induced vasoconstriction (Johnson et 
al., 2005, Pergola et al., 1993, Thompson-Torgerson et al., 2007, Yamazaki et al., 2006). It has 
also been suggested that local cooling can stimulate the vasoconstrictor nerves via a sensory-
dependent manner, which relies on a direct communication to the sympathetic nervous system 
(Johnson et al., 2005).  
Moreover, most of the studies investigating the role of thermosensitive TRP channels in relation 
to cold have been performed on DRG or trigeminal neurons, and this highlights that there is a 
link between cold and sensory neuron in detecting of cold stimulus. Although it is well-
established that TRPA1 is widely expressed on sensory neurons, there is also increasing 
evidence of the presence of TRPA1 on non-neuronal cells such as keratinocytes, endothelial 




cells and in sympathetic ganglia (Tsutsumi et al., 2010, Denda et al., 2010a, Earley, 2012, Smith 
et al., 2004). The mechanism underlying the activation of non-neuronal TRPA1 is currently not 
well understood. From our previous study in chapter 3, our data suggests that the sensory 
neurons play an important role in TRPA1-mediated vascular response as I showed clearly that 
activation of TRPA1 by cinnamaldehyde induced a neurogenic vasodilatation. Therefore, in this 
study I tested whether sensory nerves are required for the cold-induced vascular responses.  
Our results showed that pre-treatment with local anaesthetic EMLA topically had no effect on 
the cold-induced vascular responses. This is in disagreement with previous studies where 
application of EMLA topically was shown to reverse the initial vasoconstrictor responses 
associated with slow local cooling in human subjects (Hodges et al., 2007). A possible 
limitation from our experiments could be that EMLA, when applied topically was not given 
sufficient time (5min) for absorption and significant blockade of local sensory neuron. Hence, 
this experiment was followed by investigatingthe injection (i.pl.) of lidocaine on cold-induced 
vascular responses. I observed that pre-treatment with lidocaine caused a significant decrease in 
cold-induced vascular responses when compared to control. Interestingly, there was also a 
decrease in the untreated paw of the lidocaine pre-treated group, but this difference did not 
reach statistical significance level. Previous studies have also reported conflicting evidence 
about the effects of lidocaine on altering sensory function and epidermal nerve fibre density, 
where pressure pain and thresholds for cold-induced pain were not affected by the application of 
a lidocaine (5%) patch in healthy skin (Wehrfritz et al., 2011). Although our findings here 
suggest that the sensory neuron may have a role in the cold-induced blood flow responses, 
further studies are required to establish a link between local anaesthesia and cold-induced 
responses.   
To further investigate the role of sensory neurons in the cold-induced vascular responses, I 
sought to investigate the role of the mediators released downstream of TRPA1 activation. The 
vasodilator phase of a cold-induced vascular response is thought to be dependent on the release 
of neuropeptides such as CGRP and substance P but these theories are yet to be investigated 
directly (Charkoudian, 2003, Tew et al., 2011). It was previously shown that CGRP and 
substance are co-transported from the DRG and CGRP was suggested to have a modulatory 
effect on substance P (Gibbins et al., 1985). Our study illustrated clearly that both neuropeptides 
CGRP and substance P play a role in the cold-induced vascular response and interestingly, the 
pharmacological blockade of both the CGRP receptors and NK1 receptors was not sufficient to 
completely inhibit the cold-induced vascular responses. This data is in agreement with our 




previous findings in chapter 3, thus showing that TRPA1 activation causes a neurogenic-
dependent vasodilatation using both cold and cinnamaldehyde.  
The role of substance P itself in cold-induced responses has not been widely studied, but it is 
well established that it is a potent vasodilator (Brain and Cox, 2006). Here, I show clearly that 
substance P has a role in mediating blood flow changes following a local cold treatment. An 
interaction between sympathetic-mediated noradrenaline responses and non-sympathetic 
vasodilation was previously hypothesised and this is thought to involve substance P (Lewis, 
1930, Ochoa et al., 1993) and the temporal changes in blood flow response is thought to reflect 
the duration of actions of these neurotransmitters. Ochoa et al. suggested that both 
neurotransmitters are released simultaneously from the sensory neurons post-cold stimulation to 
maintain vasodilatation, resulting in the re-warming phase (Ochoa et al., 1993). Furthermore, it 
was previously suggested that substance P-induced vasodilatation is dependent on endothelium-
derived nitric oxide, as shown in human coronary, forearm vessels and skin (Tagawa et al., 
1997, Klede et al., 2003). The role of nitric oxide in cold-induced vascular response will be 
further discussed in section 4.3.5. 
Local cooling (<25°C) was previously shown to alter neural mechanisms leading to changes in 
peripheral vasodilatation by spinal cord stimulation in the hindpaw in experiments using 
CGRP8-37(Tanaka et al., 2003). Cold-induced vascular responses were clearly shown to be 
dependent on CGRP, because blockade of CGRP receptors with the antagonists CGRP8-37 and 
BIBN4096BS has a significant decrease on the magnitude of the blood flow responses. 
Unexpectedly, I found that there was no change in cold-induced vascular responses between α-
CGRP WT and KO mice and this result highlights clearly that α-CGRP may not be involved in 
mediating the blood flow changes in our cold model. Interestingly, cooling of the rat cranial 
dura matter was previously shown to induce an increase in blood flow independent of CGRP 
(Holom et al., 2008). It is important to note that CGRP is not a single peptide but consists of 2 
separate peptides (α-CGRP and β-CGRP), which are both expressed in the DRG (Schutz et al., 
2004). α-CGRP primary sensory neurons have been shown to contribute to thermoregulation 
and cold detection and interestingly, cold sensation was shown to be enhanced following the 
ablation of α-CGRP neurons in adult mice (McCoy et al., 2013). This enhancement was 
reported to be independent of the number of TRPM8-expressing DRG neurons or an increase in 
the number of cold-receptive fields (McCoy et al., 2013). I did not observe an enhancement in 
cold-induced vascular responses in the α-CGRP KO mice when compared to WT mice, but 
interestingly there was an upregulation of β-CGRP and TRPA1 mRNA expression in the DRG 
of α-CGRP KO mice compared to WT mice.  It is important to note here that these samples 




were collected at 30 min following cold treatment, but a similar pattern of β-CGRP mRNA 
expression was previously reported in naïve α-CGRP WT and KO mice (Smillie, 2012). It is 
possible that these changes may be due to compensatory changes in the KO mice, as a result of 
the α-CGRP gene deletion. However, this is in disagreement with previous findings by Schutz et 
al. (2004) who showed that there was no change in β-CGRP mRNA expression in the DRG 
between naïve α-CGRP WT and KO mice, on a similar genetic background (Schutz et al., 
2004). 
Further to our data presented here with regards to the CGRP receptor antagonists and α-CGRP 
KO mice, I hypothesised that β-CGRP may play an influential role in the blood flow responses. 
To test this possibility, I investigated the effects of BIBN4096BS in the α-CGRP KO mice and I 
showed clearly that the cold-induced vascular response was subsequently significantly 
decreased, to a similar extent shown with WT mice pre-treated with the CGRP receptor 
antagonists. Both isoforms of CGRP have been reported to have approximately equipotent 
biological activities (Sams et al., 1999); although they are distributed differently in tissues. 
Whilst α-CGRP is known to be found predominantly on sensory neurons and CNS, β-CGRP is 
known to be predominant in enteric nerves and the pituitary gland. There is also evidence now 
to show that keratinocytes which express the CGRP receptor components; CRLR, RAMP1 and 
RCP, also express β-CGRP (Hou et al., 2011). Our results highlight the important role of β-
CGRP in mediating cold-induced vascular responses in the periphery. It remains unknown in 
our model whether β-CGRP is released from the keratinocytes or sensory neurons. However, a 
key role for keratinocytes in sensory transduction has been suggested (Lumpkin and Caterina, 
2007) as these cells are in intimate contact with the sensory nerves. Although cooling has been 
shown to evoke a calcium influx response with pharmacological characteristics consistent with 
TRPA1 activation (Tsutsumi et al., 2010), a role for keratinocytes in the vascular response to 
cooling has not to our knowledge been considered. Altogether, in this study I can conclude that 
cold-induced vascular induced by TRPA1 activation is dependent on substance P and β-CGRP. 
4.3.4 The role of prostaglandins in the cold-induced vascular responses 
Our results thus far show that there remains a residual response following the pharmacological 
blockade of both the sensory neuropeptide receptor antagonists and hence, this suggests that 
other mediators may be involved in this cold model. Cold-induced vasodilatation was 
previously reported to occur as a result of depressed vascular smooth muscle activity and 
increase in vasodilator compounds (Folkow et al., 1963). Arachidonic acid metabolites have 
been proposed to have vasoactive properties and the role of prostaglandins in cinnamaldehyde-




induced vasodilatation was investigated previously in chapter 3. During re-establishment of 
blood flow into the vessels following cold-induced vasoconstriction, cyclooxygenase pathways 
have been reported to produce prostaglandins, which alter vascular reactivity (Hamberg et al., 
1975, Harlan and Harker, 1981).  
I found that indomethacin had no effect on cinnamaldehyde-induced responses. Similarly, pre-
treatment with indomethacin had no effects on altering cold-induced vascular responses in our 
model and hence, this suggests that cyclooxygenase products may not be involved in this 
response. The role of prostaglandins has previously been studied and Ormerod et al. (1988) 
showed that when the arms of normal subjects were challenged in cold water (10°C) for 5 min, 
there was an increase in PGD2 levels in the serum (Ormerod et al., 1988). Furthermore, 
indomethacin has also been shown to inhibit cold-induced changes in cat hind-feet following 
local cold water (0°C) exposure (Franz, 1985). Nevertheless, in our cold model at 10°C, 
indomethacin had no effect in affecting cold-induced vascular responses and hence, our results 
indicate no role of prostaglandins in this model in the vasculature.  
4.3.5 The role of nitric oxide in the cold-induced vascular responses 
The vasoactive substance nitric oxide was previously shown in chapter 3 to have a prominent 
role in mediating TRPA1-mediated vasodilatation induced by topical cinnamaldehyde in the 
peripheral vasculature. As discussed in chapter 1, animal studies have shown that both the 
neuropeptides CGRP and substance P-induced vascular responses may be mediated via the 
generation of secondary vasodilator mediators such as nitric oxide (Clough, 1999, Weidner et 
al., 2000, Clough and Church, 2002, Klede et al., 2003). I further investigated the role of nitric 
oxide in the cold-induced vascular responses using selective pharmacological inhibitors of the 
different isoforms of NOS, as used previously in chapter 3. Although, nitric oxide has been 
previously shown to participate in cold-induced vasodilatation (as discussed in chapter 1), the 
direct link between nitric oxide and cold-induced responses remains missing with conflicting 
evidence in the literature. Garcia-Villalon et al. (1992) showed that cooling can increase the 
availability of eNOS in the rabbit ear artery and inhibits adrenergic receptor agonist-induced 
contraction in vitro (Garcia-Villalon et al., 1992, Garcia-Villalon et al., 1995). However, other 
studies showed that stepwise cooling (37 to 4°C)-induced relaxation of rat aortic smooth muscle 
was independent of a neural or nitric oxide mechanism (Mustafa and Thulesius, 2001). 
Interestingly, the NOS enzymes have been previously reported to be temperature sensitive 
(Venturini et al., 1999) and L-NAME pre-treatment was shown to decrease cooling (4°C)-
induced vascular conductance in the human skin (Yamazaki et al., 2006).  




Following on from these previous studies, I investigated the effects of NOS inhibition in our 
cold model and showed that pre-treatment with L-NAME was able to significantly decrease the 
cold-induced vascular responses. A similar pattern was shown in chapter 3 for studies with 
cinnamaldehyde. Additionally, pre-treatment with L-NAME and neuropeptide receptor 
antagonists CGRP8-37 and SR140333 was able to abolish the cold (10°C)-induced blood flow 
responses in the hindpaw of WT mice. It is worth highlighting here that these drugs have been 
used previously to study neurogenic vasodilatation (Starr et al., 2008) and in this study, there is 
no change in baseline blood flow following pre-treatment of antagonists or in the untreated 
paws.  Nevertheless, previous studies have shown that functional NOS control the basal 
vascular tone in intact human skin (Yamazaki et al., 2006). Altogether here, I provide novel and 
clear evidence that these mediators are involved in mediating TRPA1-induced blood flow 
responses in the peripheral vasculature.  
In terms of the cold model, our results show that NO is partially responsible in mediating blood 
flow responses following local skin cold treatment at 10°C. To further characterise the role of 
NO, I investigated the effects of iNOS and nNOS inhibition using 1400W and SMTC 
respectively, at a dose previously used for investigating the mechanisms underlying 
cinnamaldehyde-induced vasodilatation in chapter 3. Unexpectedly, I observed a significant 
reduction in cold-induced vascular responses in 1400W-treated mice when compared to control 
and these findings suggest that iNOS-derived NO plays a role in this response. It remains 
unknown in our study how iNOS-derived NO is released as resting cells are known to express 
little or no iNOS. However, Nisoli et al. showed that iNOS synthesis is induced in brown 
adipose fat  (BAT) cells in response to β-adrenergic receptors activation and an increase in 
cAMP production (Nisoli et al., 1997). It would be interesting to investigate whether local cold 
exposure induces the expression of iNOS in BAT and potentially play a role in our acute cold 
model.  
Interestingly, there is also evidence showing that the activation of CGRP receptors by CGRP 
can stimulate iNOS gene expression via a MAPK pathway in trigeminal ganglion glial cells 
(Vause and Durham, 2009). It is evident from our results that CGRP plays a prominent role in 
the cold-induced vascular responses but it remains unknown if CGRP release downstream of 
TRPA1 activation by the cold stimulus would have an effect on iNOS expression in the 
peripheral vasculature in an acute treatment. As shown previously in Chapter 3, pre-treatment 
with 1400W did not have an effect on cinnamaldehyde-induced vasodilatation. Hence, this 
implies that iNOS-derived NO is not a mechanism exclusive to TRPA1 activation but is 
downstream to cold activation. The source of iNOS is unknown in our study but cold exposure 




at -4°C for 3 min has been shown to cause vasoconstriction where leukocytes becomes trapped 
in the microvasculature (Bourne et al., 1986) and the total number of adherent neutrophil cells 
were shown to be greatest on cooling at 10°C  in vitro, which impairs local microcirculation in 
cold (Nash et al., 2001). In the rewarming phase, it was suggested that the activated cells are 
released into the systemic circulation (Nash et al., 2001) and if so, it would be interesting to 
determine whether leukocytes are a potential source of iNOS in our model.  
Furthermore, selective inhibition of nNOS was shown to partially decrease TRPA1-mediated 
vasodilatation by cinnamaldehyde. The aim of the current study was to determine whether 
nNOS-derived NO is involved in the cold-induced vascular response, using a dose previously 
used in chapter 3 in studies with cinnamaldehyde. Our study revealed that pre-treatment with 
SMTC caused a significant decrease in blood flow at baseline and this correlates to previous 
findings by Melikian et al. who also showed a similar pattern in the forearm of normal subjects. 
This dose does not affect the eNOS-mediated vasodilatation elicited by acetylcholine, substance 
P or shear stress(Melikian et al., 2009). All these findings further strengthen the role of nNOS in 
regulating normal vessel tone in vivo. Moreover, I showed that cold-induced vascular responses 
were significantly reduced in the presence of SMTC, to a greater extent than treatment with L-
NAME or 1400W alone. These results provide novel in vivo evidence that nNOS-dependent 
local release of nitric oxide modulates blood flow responses following activation by cold (10°C) 
treatment in the peripheral vasculature. Hence, the question which arises from our evidence is 
whether nitric oxide is being released from the sensory neuron itself following TRPA1 
activation by cold or via other potential pathways as nNOS is now known to be expressed in 
several smooth muscle cell and endothelial cells (Boulanger et al., 1998, Bachetti et al., 2004). 
In fact, pre-treatment with a combination of the neuropeptide receptor antagonists and SMTC 
was able to inhibit the cold-induced blood flow responses, with no significant change in the 
untreated hindpaw when compared to control groups. A link between nNOS/nitric oxide and 
CGRP has been speculated in previous studies and interestingly, nNOS was shown to be co-
localised with the CRLR, RAMP2 and RAMP3 in rat DRG neurons (Wang et al., 2013). There 
is also evidence showing that 82% of TRPA1-expressing myenteric neurons also express NOS 
in mice (Poole et al., 2011) but it remains to be determined whether nNOS and CGRP are found 
in TRPA1-expressing sensory neurons innervating the blood vessels in the hind-paws. Our 
group has previously shown that the nNOS inhibitor 7-nitroindazole has no effects on CGRP-
induced vasodilation in the rat cutaneous vasculature, however it was clearly shown that the 
stimulation of the saphenous nerve releases nitric oxide and causes neurogenic-dependent 
vascular changes (Kajekar et al., 1995). Interestingly, nitric oxide has been previously suggested 




to act on sensory neurons to release CGRP, which further relaxes smooth muscle (Wei et al., 
1992, Akerman et al., 2002).  
It is clear from this study that nitric oxide participates in this response, however it remains to be 
determined in which phase is nitric oxide involved in the cold-induced blood flow responses. 
Previous studies have speculated that the vasoconstriction phase is dependent on an increase in 
noradrenaline release and decrease in both NOS activity and other processes occurring 
downstream of NOS (Hodges et al., 2006). The role of eNOS in our model is unclear. 
Previously, it was shown that cold exposure (4°C) alone was not able to significantly change 
eNOS expression in bovine aortic endothelial cells (BAEC) in vitro but required the presence of 
shear stress (Binti Md Isa et al., 2011). The findings from the present study suggests that (1) 
both neuropeptides and nitric oxide are potentially released from the sensory neuron following 
TRPA1 activation by cold and/or (2) nitric oxide may stimulate CGRP release from sensory 
neuron, and mediate the cold-induced vascular responses.  
4.3.6 The role of reactive oxygen species in the cold-induced vascular responses 
Several studies have investigated the effects of whole body cooling on generating reactive 
oxygen species such as superoxide by mitochondria calcium, whereby nitric oxide plays a 
permissive role in reaction with superoxide (Kevin et al., 2003, Camara et al., 2004).  
Furthermore, local moderate cooling to 28°C was shown to cause a rapid increase in 
mitochondrial reactive oxygen species activity in smooth muscle cells of mouse tail arteries, as 
shown by confocal microscopy using reactive oxygen species-sensitive probes (Bailey et al., 
2005), as further discussed in the next chapter. This reactive oxygen species generation has been 
shown to stimulate the activation of RhoA and Rho kinase signalling and mobilisation of α2c-
adrenergic receptors to the cell surface, leading to constriction of the smooth muscle cell (Bailey 
et al., 2005). As shown in chapter 3, I have shown that cinnamaldehyde-induced vasodilatation 
following TRPA1 activation is dependent on superoxide, hydroxyl radicals and nitrotyrosine 
generation. In this chapter, I investigated the role of reactive oxygen species on cold-induced 
vascular responses using the same ROS inhibitors and scavengers as previously used in chapter 
3.  
In this study, I found that pre-treatment with reactive oxygen species scavenger N-
acetylcysteine did not inhibit cold-induced vascular responses when compared to control. 
Interestingly, this similar dose of N-acetylcysteine was shown to significantly decrease 
cinnamaldehyde-induced vasodilatation in chapter 3. Nevertheless, Bailey et al. showed that N-
acetylcysteine was able to reduce the α2-receptor agonist UK14304-induced constriction when 




cooled to 28°C (Bailey et al., 2005).  Supplementation with antioxidant L-ascorbate was also 
shown to decrease local moderate cooling-induced vasoconstriction in human forearm skin 
when skin sites were cooled from 34°C to 24°C (Yamazaki, 2010). I further investigated the 
role of reactive oxygen species using a combination of treatment with SOD and catalase, which 
was previously shown to significantly reduce cinnamaldehyde-induced vasodilatation (chapter 
3) and prevent cold-induced translocation of α2c-adrenergic receptors(Bailey et al., 2005). 
Interestingly, in the present study cold-induced vascular responses remained unchanged in the 
presence of SOD and catalase. SOD and catalase have been reported to reduce cold-induced 
injury (Bhaumik et al., 1995) and demonstrated to reduce hydroxyl radicals formation during 
the rewarming phase in studies where rabbit leg was exposed to cold (0°C) (Das et al., 1991). It 
may be possible that SOD and catalase are not transported to the site of action as they are not 
cell-permeable and hence, to further elucidate the role of superoxide and H2O2, studies will 
require cell-permeable SOD and catalase mimics. Furthermore, NOX4 and hydroxyl radicals 
were shown not to be involved in the cold-induced vascular response and this suggests that 
TRPA1-mediated vascular responses by cold are not dependent on reactive oxygen species 
derived from NOX4. I also found that there was no difference in the superoxide and H2O2 levels 
at 30 min following local cold treatment in hindpaw tissue when compared to untreated 
hindpaw tissue samples. This finding suggests or reinforces the evidence that the cold-induced 
vascular response is non-invasive, with normal restoration in baseline blood flow at 30 min. To 
further elucidate the role of reactive oxygen species in the cold-induced vascular responses, 
tissue samples will need to be collected at an earlier time point as shown in chapter 5.  
There is evidence in the literature to suggest that superoxide plays an important role in cold-
induced vasoconstriction (Bailey et al., 2005) and superoxide generated by local cooling can 
reduce NO bioavailability by reacting with NO to form peroxynitrite in the vasculature 
(Forstermann and Munzel, 2006). Preliminary studies using SOD showed that there was no 
change in cold-induced vascular response and this may be due to SOD being readily excreted 
and having a circulatory half-life of 8 min, as shown in rats (Turrens et al., 1984) or SOD not 
penetrating the cell membranes as it is a large molecule (Beckman et al., 1988). Pre-treatment 
with the cell permeable SOD mimic tempol was shown to significantly decrease 
cinnamaldehyde-induced vasodilatation in vivo and this finding led us to investigate the role of 
tempol in the cold-induced vascular responses. In agreement with our previous findings, I 
showed clearly that the cold-induced vascular responses were significantly reduced in the 
presence of tempol, when compared to control-treated groups. Tissue hypoxia during 
vasoconstriction has been shown to lead to increased mitochondrial superoxide release (Turrens, 




2003). Interestingly, it is also known that endothelial cells are the initial site of tissue injury in 
local cold studies and provide a rich source of the superoxide-generating enzyme, xanthine 
oxidase in the rewarming phase of a cold-induce response (Jarasch et al., 1986). 
Hence, it may be possible that in our study tempol is reducing the accumulation of superoxide in 
the vasculature by increasing its rate of breakdown into water and oxygen as well as free radical 
scavengers. This further decreases intracellular reactive oxygen species concentrations and 
reduces cold-induced vascular responses. Further experiments are required to elucidate in which 
phase superoxide participates in the cold-induced vascular response observed in this study, as 
well as how superoxide interacts with the sympathetic nervous system. 
4.5 Conclusion 
This chapter investigated the mechanisms underlying cold-induced vascular responses following 
local cold water (10°C) treatment for 5 min in the mouse hindpaw. Using genetically modified 
mice and pharmacological inhibitors, these results provide a new insight into the mechanisms of 
cold-induced responses, illustrating clearly that (1) cold (10°C) activates TRPA1 in the 
peripheral vasculature and causes a rapid transient decrease in blood flow, followed by 
prolonged vasodilatation to return blood flow to baseline. The role of TRPA1 as a cold sensor 
has been a controversial issue in the literature, and this current study presents novel findings 
showing that TRPA1 is a vascular cold sensor in vivo (Figure 4.8); and (2) the pharmacological 
blockade or gene deletion of the TRPM8 gene was shown to partially inhibit cold-induced 
vascular responses, suggesting that TRPM8 may be involved in mediating the vasodilatation 
phase but further studies are required to investigate these effects.  
In this study, cold-induced vascular responses following activation of TRPA1 was demonstrated 
to be dependent on the release of the neuropeptide substance P and the potent microvascular 
vasodilator CGRP (Figure 4.9). This is in agreement with the traditional hypothesis that an axon 
reflex mediates neurogenic vasodilatation, which is essential in protecting against local cold-
induced injury. Our study also introduces the novel concept that the β-CGRP isoforms (as 
shown in α-CGRP KO mice) and nNOS-derived nitric oxide have an important role in 
mediating the cold-induced vascular responses. Moreover, intracellular reactive oxygen species 
such as superoxide were shown to play a pivotal role in cold-induced vascular response. 
Overall, this study provides evidence that the cold-induced vascular response is clearly 
mediated by two phases: an initial vasoconstriction and vasodilatation to prevent against local 
cold-induced injury. It is evident from the present findings that the release of vasodilators such 
as CGRP, substance P, nitric oxide and superoxide, downstream of TRPA1 activation by local 




cold exposure, play a pivotal role in returning blood flow back to baseline following the 
transient local cold-induced vasoconstriction. Indeed, this mechanism may be relevant in 
understanding the pathophysiology of the Raynaud’s phenomenon where there is prolonged 
vasoconstriction following local cold exposure.  
  












Figure 4.9 Signalling mechanisms underlying cold-induced vascular responses following 
action of TRPA1.The diagram summarises the signalling pathways involved in mediating cold (10°C)-
induced vascular responses in the peripheral vasculature. Cold activates TRPA1 and causes stimulation of 
nerve endings from primary afferent neurons. This releases the neuropeptide calcitonin gene-realated 
peptide (CGRP), substance P and neuronal nitric oxide synthase (nNOS)-derived nitric oxide to mediate 
an increase blood flow in the vasculature. CGRP acts on CGRP receptor complex; CGRP receptor-like 
receptor (CRLR) and receptor activity-modifying protein-1 (RAMP1) to induce an increase in 
intracellular cyclic adenosine monophosphate (cAMP) via adenylyl cyclase and cAMP further 
phosphorylate protein kinase A (PKA) and open ATP-sensitive potassium (KATP) channels to mediate 
relaxation. Substance P promotes vasodilatation by acting on neurokinin-1 (NK1) receptors on the 
endothelial cells via the release of nitric oxide. Nitric oxide acts on stimulating the soluble guanylate 
cylase (sGC) to subsequently form cyclic-guanosine monophosphate (cGMP), activating protein kinase G 
(PKG) which causes reuptake calcium and opens potassium channels, leading to hyperpolarization of the 
membrane and further relaxing the vascular smooth muscle cell (VSMC). 
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Chapter 5 – Investigating the constrictor and dilator components of cold-induced 
vascular responses 
5.1 Introduction 
Our findings from chapter 4 demonstrated clearly that TRPA1 acts as a vascular cold sensor in 
vivo and mediates cold-induced vascular responses, which are dependent on the release of the 
neuropeptides CGRP and substance P, iNOS and nNOS-derived nitric oxide as well as 
generation of superoxide. Similarly, the majority of these mediators also participate in TRPA1-
mediated vasodilatation induced by the exogenous TRPA1 agonist cinnamaldehyde, as shown 
in chapter 3.  It is assumed that cutaneous cold or pain sensors can stimulate nerves to release 
vasodilators as a result of an axon reflex, and I have provided clear evidence of a role of 
neuropeptides in mediating cold-induced vascular responses in our study. Moreover, it is well 
established that the sympathetic nervous system has an important role in initiating changes 
mediated by local reflexes or adrenergic receptor activation following local cold treatment in the 
vasculature. Traditionally, most studies investigating the effects of acute or long term exposure 
to cold at various temperatures have concentrated on the loss of sympathetic constrictor 
mechanisms as a primary driver of the decreased blood flow (Daanen and van der Struijs, 2005). 
It remains difficult to compare the findings from different studies due to the different variables 
in cooling procedures such as sites and temperature. This chapter will focus on understanding 
the mechanisms involved in sensing temperature in the skin to further comprehend the 
underlying protective mechanism. 
From the results presented in chapter 4, it is evident that TRPA1 plays a prominent role in 
mediating the cold-induced vascular response. Whilst it is known that activation of TRPA1 can 
mediate vasorelaxation (Pozsgai et al., 2010), there is no evidence showing that TRPA1 
mediates a vasoconstrictor response in the peripheral vasculature. It is interesting to note that as 
shown in chapter 4, the cold-induced vascular response consists of an initial rapid phase of 
vasoconstriction followed by vasodilatation. This vasodilator component is important in 
returning the blood flow back to basal levels.  
The first aim of this chapter is to re-analyse the results for TRPA1 and CGRP from chapter 4 in 
order to examine their role in mediating either the constrictor or dilator component of the cold-
induced vascular response. To accomplish this analysis, I investigate the effects of the 
pharmacological antagonists on the net vasoconstriction and vasodilatation phase, as previously 
described in section 2.8.2.   Furthermore, I will elucidate the role of the sympathetic nerve in 
our cold (10°C)-induced vascular responses and investigate the potential link between TRPA1 
activation and sympathetic nerves in this response.  




5.1.1 Brief methods 
Using the FLPI, cold-induced vascular responses were studied, as detailed in Chapter 2 (section 
2.4). Briefly, skin blood flow was measured concomitantly in the whole area of both hindpaw of 
male mice anaesthetised with ketamine (75mg/kg) and medetomidine (1mg/kg). Following 
baseline measurement for 5-10 min, the mouse was subsequently removed from the heating mat 
and the ipsilateral paw was exposed up to the level of the joint between the tibia and the 
calcaneum to cold water (10°C) for 5 min. The contralateral hindpaw was left untreated at room 
temperature (~22°C). Hence, this protocol allowed the simultaneous assessment of blood flow 
responses in the cold-treated and control paws in the same mouse. Following treatment, the 
hindpaw was dried as detailed in section 2.4.4 and blood flow measurement was resumed for 30 
min using the FLPI.  
All the experiments studying cold-induced blood flow responses were conducted using FLPI in 
male mice.  A range of pharmacological inhibitors was used to investigate the mediators 
involved in mediating cold-induced vascular responses (section 2.6). 
The response to cooling consisted of an initial reduction in flux, in keeping with 
vasoconstriction, followed by a slow developing sustained increased flux, consistent with 
vasodilatation. This whole response observed following treatment is termed “cold-induced 
vascular response” in this chapter. Data was recorded as flux arbitrary units and in this chapter, 
data was analysed as AUC from time ‘0 min’ following treatment (cold water immersion and 
drying of hindpaw) to 30 min recording, as detailed in section 2.8.2. Furthermore, a two-
component analysis was introduced in this chapter to investigate the role of particular mediators 
in mediating the initial constrictor or dilator component of the cold-induced vascular response, 
as detailed in section 2.8.2. 
Hindpaw tissue samples were collected at 2 min or 30 min following local cold treatment and ex 
vivo analysis was conducted to investigate noradrenaline generation using ELISA, superoxide 
release using the Lucigenin assay, and MLC protein expression using western blotting, as 











5.2.1 Role of TRPA1 in the constrictor and dilator components of cold-induced vascular 
responses 
Since the discovery of TRPA1 by Story et al. (2003), studies have shown that TRPA1 has a 
polymodal activation profile including activation by low temperatures (Story et al., 2003) and 
has an important role in vasorelaxant effects, as discussed in chapter 1. It is widely established 
that TRPA1 is expressed on sensory neurons, but there is now increasing evidence of TRPA1 
being expressed on non-neuronal cells. The acute cold model employed in this study was shown 
to have both constrictor and dilator components and it remains unknown whether TRPA1 is 
involved in mediating one or both phase of this response. From our previous results it is clear 
that TRPA1 is the cold sensor at 10°C but in contrast to the established role of TRPA1 in 
mediating neurogenic-dependent vasodilatation, its role in mediating constriction in the 
peripheral vasculature requires investigation. 
In this study, the constrictor phase of the cold (10°C)-induced vascular responses occurred 
immediately between 0 to 2 min following the cold treatment of the hindpaw, where this phase 
is termed net vasoconstriction (see Figure 4.1 in chapter 4). It may be possible that the 
vasoconstriction is initiated during the active cooling period, but this could not be measured in 
the current study. The observed constrictor phase was followed by a vasodilator phase recorded 
over 30 min, where the blood flow returns to baseline level, and this response is termed as net 
vasodilatation. Our results provide clear evidence that local cold treatment causes a significant 
decrease in blood flow when compared to the untreated-hindpaw in the net vasoconstriction 
phase (p<0.001, n=12, Figure 5.1A). Furthermore, there was a significant increase in the 
maximum change of blood flow in the cold-treated hindpaw when compared to the respective 
untreated hindpaw in the vasodilator phase in TRPA1 WT mice (p<0.001, n=12, Figure 5.1A). 
It is important to note that the magnitude of the initial cold-induced constriction response can 
influence the dilator response, to return blood flow back to baseline. Interestingly, there was a 
significant decrease in both the constriction (p<0.05) and vasodilator (p<0.001) phase in the 
TRPA1 KO mice (n=9, Figure 5.1A).  
To further confirm the role of TRPA1 in this response, I investigated the effects of the TRPA1 
antagonists HC030031, at a previous dose shown to selectively block TRPA1-mediated 
responses (McNamara et al., 2007). Similarly to the results observed in TRPA1 KO mice, pre-
treatment with HC030031 produced a significant decrease in both phases of the cold-induced 
vascular response (n=8-10, Figure 5.1B). Interestingly, there was a residual significant response 
in the cold-treated hindpaw in the HC030031-control treated when compared to the respective 




untreated hindpaw (p<0.01, n=8, Figure 5.1B). This correlates to our previous reported findings 
with the effects of HC030031 on cold-induced vascular responses in chapter 4.  


























Figure 5.1 Evidence for the involvement of TRPA1 in the vasoconstrictor and vasodilator 
component of the cold-induced vascular response 
Blood flow responses in mouse contralateral hindpaw following cold water (10°C) immersion 
and ipsilateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment and expressed as area under the curve (AUC).  % maximum 
change in hindpaw blood flow from baseline to 0-2 min following cold treatment (net 
vasoconstriction) and from 2 min to 30 min following cold treatment (net vasodilatation) in A) 
TRPA1 WT and KO mice (n=9-12) and B) in CD1 WT mice pre-treated with the TRPA1 
antagonist HC030031 (100mg/kg, i.p., 30 min, n=10) or control (10% DMSO in saline, i.p., 30 
min, n=8). Results are shown as mean + S.E.M. **p<0.01, ***p<0.001 compared to respective 
untreated, #p<0.05, ###p<0.001 compared to cold-treated hindpaw of mice using 2-way 








































































5.2.2 Role of CGRP in the constrictor and dilator components of cold-induced vascular 
responses 
It is well established that CGRP is a potent dilator in the microvasculature, and as illustrated in 
chapter 3 and 4, CGRP is involved in TRPA1-mediated vascular responses. CGRP-containing 
primary sensory neurons are known to play an important role in potent vasodilation. The control 
of the tone of the peripheral resistance vascular bed tone is mediated by both the sympathetic 
adrenergic nerves and CGRP-containing vasodilator nerves (Kawasaki et al., 1990, Takenaga 
and Kawasaki, 1999).  In the cold (10°C)-induced response derived from the α-CGRP KO mice 
in this study, β-CGRP has been proposed to have an important role in influencing vascular tone. 
The role of α-CGRP in mediating vasodilatation has been widely studied since its discovery in 
1985 and it has been reported that both α-CGRP and β-CGRP have equipotent properties. 
However, the role of β-CGRP in the peripheral vasculature is less known. As both isoforms of 
CGRP bind to the CGRP receptor to exert their effects, I investigated the role of CGRP in our 
cold model using the CGRP receptor antagonist BIBN4096BS. Importantly from our previous 
findings, I demonstrated that pre-treatment with BIBN4096BS did not alter baseline blood in 
the periphery. 
Following pre-treatment with BIBN4096BS, as expected I observed that there was no 
significant change in the constrictor component of the cold-induced vascular response, when 
compared to control (p>0.0, n=9-10, Figure 5.25). However, there was a significant decrease in 
the vasodilator phase when compared to control treated group (p<0.01, n=9-10, Figure 5.2). As 
the vasodilator response was not completely abolished to the same extent seen in TRPA1 KO 
mice (Figure 5.1A), it is worth highlighting that other mediators are possibly involved.   
















Figure 5.2 Evidence for the involvement of CGRP in the vasodilator component of the 
cold-induced vascular response 
Blood flow responses in mouse contralateral hindpaw following cold water (10°C) immersion 
and ipsilateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment and expressed as % maximum change in hindpaw blood flow 
from baseline to 0-2 min following cold treatment (net vasoconstriction) and from 2 min to 30 
min following cold treatment (net vasodilatation) in A) CD1 WT mice pre-treated with CGRP 
receptor antagonist BIBN40946S (0.3mg/kg, i.v., 5 min, n=9) or respective control (saline, i.v., 
5 min, n=10). Results are shown as mean + S.E.M. *p<0.05, **p<0.01, ***p<0.001 compared 
to respective untreated, ###p<0.001 compared to cold-treated hindpaw of mice using 2-way 










































5.2.3 Role of sympathetic nervous system in cold-induced vascular responses 
It is well documented that the sympathetic nervous system plays an important role in the 
vasoconstrictor phase of the hunting response of cold reaction (Shepherd and Thompson, 1953) 
and there is an increased sensitivity of the vascular smooth muscle cells to adrenergic 
transmitter(s), in particular noradrenaline which participates in neurally-mediated 
vasoconstriction (Janssens and Vanhoutte, 1978, Rusch et al., 1981). There is clear evidence 
from our study, that the cold-induced vascular response initiates with an intense 
vasoconstriction, which is shown to be dependent on TRPA1 but not CGRP. It remains 
unknown whether this is dependent on the sympathetic nerve activity in the cutaneous 
vasculature.  
I investigated the effects of local cold treatment on noradrenaline release in TRPA1 WT and KO 
mice. Interestingly, our results showed that 2 min after cold water immersion (peak 
vasoconstriction), there was a trend towards a decrease in noradrenaline levels when compared 
to untreated-hindpaw tissue in TRPA1 WT mice (n=7, Figure 5.3). However, there was no 
change observed in the TRPA1 KO mice (n=6), suggesting that noradrenaline release is 
dependent on TRPA1 activation in this model. Furthermore, at 30 min following cold treatment, 
which represents the vasodilator phase of the cold-induced vascular response, no change in the 
levels of noradrenaline in the cold-treated tissues were detected when compared to untreated 
tissues, in either TRPA1 WT or KO mice (n=3, Figure 5.3). It remains unknown whether there 
are any significant changes in noradrenaline levels at earlier time points of cold-water 
immersion, which represents the constrictor phase.  
I further investigated the influence of the sympathetic nerve and adrenergic receptors in the 
cold-induced vascular response using pharmacological inhibitors for sympathetic nerve and 
adrenergic receptors. I did not find any significant change in cold-induced vascular responses in 
the WT mice pre-treated with the sympathetic nerve blocker guanethidine when compared to 
control (p>0.05, n=7-12, Figure 5.4B). Interestingly, pre-treatment with non-selective α-
adrenergic receptors blocker phentolamine was shown to have no significant effect on the cold-
induced vascular response when compared to control (p>0.05, n=8-9, Figure 5.4A). 
Interestingly, I found that pre-treatment with the α2-adrenergic receptor blocker yohimbine was 
shown to cause a significant decrease in the overall cold-induced vascular responses when 
compared to control-treated group (p<0.05, n=5, Figure 5.4C). I further investigated the role of 
α2-adrenergic receptors in each phase of the cold-induced vascular responses and I found that 
yohimbine caused a significant decrease in the maximum change in blood flow during the net 
vasoconstriction phase (p<0.05) and net vasodilator phase (p<0.001) (n=5, Figure 5.4D). It is 
also worth highlighting that there was no significant difference between the untreated- and cold-




treated hindpaw in the net vasoconstriction phase (0-2 min post treatment) in the yohimbine-
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Figure 5.3 Effects of cold treatment on noradrenaline generation in TRPA1 WT and KO 
mice 
The ipsilateral hindpaw was immersed in cold water (10°C) for 5 min, whilst the contralateral 
hindpaw was left untreated in anaesthetised mice.  Hindpaw tissue homogenates were collected 
at 2 min or 30 min following cold water immersion from TRPA1 WT and KO mice. 
Noradrenaline concentrations as quantified by ELISA and values are expressed as noradrenaline 
concentration (ng) per mg of tissue protein (n=3-7). Data was analysed using 2-way ANOVA 
followed by Bonferroni post hoc test.   
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Figure 5.4 The role of sympathetic nerves in the vasoconstrictor and vasodilator 
component of the cold-induced vascular response 
Blood flow responses in mouse contralateral hindpaw following cold water (10°C) immersion 
and ipsilateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment and expressed as area under the curve (AUC). Cold-induced 
vascular responses in the hindpaw of CD1 mice pre-treated with A) non-selective α-adrenergic 
receptor antagonist phentolamine (5mg/kg, i.p., 30min, n=8) or control (saline, i.p., 30min, 
n=9), B) sympathetic nerve blocker guanethidine (30mg/kg, s.c., 60 min, n=12) or control 
(saline, s.c., 60 min, n=7) and C) α2-adrenergic receptor antagonist yohimbine (10mg/kg, s.c., 
30 min, n=5) or control (saline, s.c., 30 min, n=5). D) % Maximum change in hindpaw blood 
flow from baseline to 0-2 min following cold treatment (net vasoconstriction) and from 2 min to 
30 min following cold treatment (net vasodilatation) in CD1 WT mice pre-treated with the α2-
adrenergic receptor antagonist yohimbine (10mg/kg, s.c., 30 min, n=5) or control (saline, s.c., 
30 min, n=5). Results are shown as mean + S.E.M. *p<0.05, **p<0.01, ***p<0.001 compared 
to respective untreated, #p<0.05, ###p<0.001 compared to cold-treated hindpaw of mice using 
2-way ANOVA followed by Bonferroni post hoc test.  ‘ns’ represents no significance.  
 
  




5.2.4 Role of α2c-adrenergic receptors in cold-induced vascular responses 
The previous results illustrate clearly that α2-adrenergic receptors play an important role in the 
cold-induced vascular response in both the constrictor and dilator phase. The α2-adrenergic 
receptor is a presynaptic receptor which acts as a negative feedback mechanism for 
noradrenaline-induced responses and furthermore, it is also located on vascular smooth muscle 
cells. There are three different subtypes of α2-adrenergic receptors; α2A-, α2B- and α2C-adrenergic 
receptors. As previously mentioned in chapter 1, α2C-adrenergic receptors are implicated in 
cold-induced vasoconstriction (Bailey et al., 2005) and hence, I investigated the potential role of 
this receptor in the cold-induced vascular response in our study. Pre-treatment with the selective 
α2C-adrenergic receptor antagonist JP1302 caused a significant decrease in the overall cold-
induced vascular response when compared to control (p<0.05, n=5, Figure 5.5A). Additionally, 
detailed analysis of the net vasoconstriction and net vasodilatation revealed that there was a 
significant decrease in the maximum change in blood flow at 0-2 min following treatment from 
baseline (p<0.05) and at 30 min following treatment from 2 min (p<0.01, n=6, Figure 5.5B). 
Whilst there was no significant difference between the untreated- and cold-treated hindpaws in 
the net vasoconstriction of the yohimbine-treated groups, I found a significant difference in the 
JP1302 -treated groups. The pharmacological blockade of α2c-adrenergic receptors is able to 
suppress both the constrictor and dilator component of the cold-induced vascular response.  
  



































Figure 5.5 The role of α2c-adrenceptor in the vasoconstrictor and vasodilator component 
component of the cold-induced vascular response 
Blood flow responses in mouse contralateral hindpaw following cold water (10°C) immersion 
and ipsilateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment WT CD1 mice mice were pre-treated with selective α-
adrenergic receptor antagonist JP1302 (3μg/kg, s.c., 60 min, n=6) or control (saline, s.c., 60 
min, n=6). Blood flow data are expressed as A) area under the curve (AUC) and B) % 
maximum  change in hindpaw blood flow from baseline to 0-2 min following cold treatment 
(net vasoconstriction) and from 2 min to 30 min following cold treatment (net vasodilatation). 
*p<0.05, **p<0.01, ***p<0.001 compared to respective untreated, #p<0.05, ##p<0.01 
compared to cold-treated hindpaw of mice using 2-way ANOVA followed by Bonferroni post 







































































5.2.5 Role of superoxide in cold-induced vascular responses 
This study thus far has provided clear evidence that TRPA1 and adrenergic receptors play an 
important role in mediating cold-induced vascular responses, where both are involved in the 
constrictor component. I further showed that α2c-adrenergic receptors can mediate the 
constrictor component of the response. As previously discusssed in chapter 1, α2c-adrenergic 
receptors are known to be silent at 37°C but in response to moderate cooling, the activity of α2c-
adrenergic receptors increases due to increased production of reactive oxygen species such as 
superoxide (Bailey et al., 2005). In chapter 4, I showed that pre-treatment with the highly 
potent, cell-permeable SOD mimic tempol reduced the local cold-induced vascular responses 
over the 30 min, as determined by AUC (Figure 4.8). In the current chapter, I will closely 
examine the role of superoxide in both the constrictor and dilator component of the cold-
induced vascular response. 
Interestingly, pre-treatment with tempol was able to significantly decrease the net 
vasoconstriction (p<0.05) and net vasodilatation (p<0.001) of the cold-induced vascular 
response when compared to control-treated groups (n=5-6, Figure 5.6). I further confirm this 
finding by investigating the generation of superoxide in TRPA1 WT and KO mice using 
lucigenin chemiluminescence assay at 2 min following cold treatment, which represents the 
peak vasoconstriction phase of the cold-induced vascular response. Interestingly, I found that 
there was a trend towards increased superoxide generation in the cold-treated hindpaw when 
compared to the respective untreated hindpaw tissue samples in the TRPA1 WT mice, but this 
difference did not reach significance (n=4-5, Figure 5.6B). Furthermore, there was no 
significant difference between the cold-treated and untreated hindpaw tissue samples in TRPA1 
KO mice (n=4-5, Figure 5.6B). As shown in chapter 4, superoxide levels were not different at 
30 min following cold treatment which confirms that our model may not be invasive and that 
the exposed hindpaw recovered fully at 30 min.  
To further elucidate the role of TRPA1 in mediating the generation of superoxide at the net 
vasoconstriction phase following the local cold treatment, I used WT mice pre-treated with the 
selective TRPA1 antagonist HC030031. In this study, I observed that there was a significant 
increase in superoxide levels in the cold (10°C)-treated hindpaws from vehicle-treated mice 
compared to the respective untreated hindpaw at the net vasoconstriction phase or naive 
hindpaw tissue sample (p<0.01, n=3-5, Figure 5.6C). However, there was a significant decrease 
in superoxide levels in the cold (10°C)-treated hindpaws in the HC030031-treated group when 
compared to the control treated group (p<0.05, n=3-4, Figure 5.6C). INo significant change was 
observedbetween superoxide levels between the cold (10°C)-treated and untreated hindpaw 




tissue samples in the HC030031-treated groups (Figure 5.6C) and the levels measured are 
similar to the naïve hindpaw tissue sample.  
  
































Figure 5.6 The role of superoxide in the vasoconstrictor and vasodilator component of the 
cold-induced vascular response 
Cold-induced vascular responses in mouse contralateral hindpaw following cold water (10°C) 
immersion and ipsilateral hindpaw remain untreated. A) Blood flow (  103 flux units) recorded 
over 30 min following treatment using FLPI and expressed as % maximum change in hindpaw 
blood flow from baseline to 0-2 min following cold treatment (net vasoconstriction) and from 2 
min to 30 min following cold treatment (net vasodilatation) in WT CD1 mice pre-treated with 
SOD mimic tempol (30mg/kg) or respective control (saline, i.v., n=4). At 2 min following cold-
treatment, hindpaw tissues were collected and superoxide levels were measured in the samples 
by lucigenin chemiluminescence assay and expressed as B) relative light units per mg of tissue 
homogenate in TRPA1 WT and KO mice (n=4-5) and C) relative light units per sample in naive 
WT mice (n=5)  and WT mice pre-treated with TRPA1 antagonist HC030031 (100mg/kg, i.p., 
30 min) or control (10% DMSO in saline, i.p., 30 min) (n=3-5).  Results are shown as mean + 
S.E.M. **p<0.01, ***p<0.001 compared to respective untreated, #p<0.05, ###p<0.001 
compared to cold-treated hindpaw  of mice using 2-way ANOVA followed by Bonferroni post 














































































































5.2.6 Role of Rho-associated protein kinase in cold-induced vascular responses 
This study has currently provided clear evidence that TRPA1 and sympathetic nerves play an 
important role in mediating the cold-induced vascular responses, with a greater involvement in 
the constrictor component. I further showed that α2c-adrenergic receptors can mediate the 
constrictor component of the response and interestingly, smooth muscle cell contraction via 
adrenergic receptors has been reported to be highly dependent on Rho-associated kinase (Rho-
kinase/ROCK) activity (Mori-Kawabe et al., 2009). The role of Rho-kinase was further 
investigated in the cold-induced vascular response by using the highly potent, cell-permeable 
and selective Rho-kinase inhibitor Y27632.  Interestingly, I showed that pre-treatment with 
Y27632 was able to cause a significant decrease in the overall cold-induced vascular response 
when compared to control-treated groups (p<0.01, n=5-6, Figure 5.7A). It is worth noting that 
there was a small but significant increase in the cold-induced blood flow responses over the 30 
min recording period in the cold-treated hindpaw compared to untreated hindpaw of the 
Y27632-treated group (p<0.05, n=6, Figure 5.7A). Furthermore, detailed analysis of the profile 
characteristics of Rho-kinase in our local cold-induced vascular responses illustrated that pre-
treatment with Y27632 was able to completely abolish both the net vasoconstriction and net 
vasodilatation of the cold-induced vascular response when compared to control-treated group 
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Figure 5.7 The role of Rho-associated protein kinase in the vasoconstrictor and 
vasodilator component of the cold-induced vascular response 
Blood flow responses in mouse contralateral hindpaw following cold water (10°C) immersion 
and ipsilateral hindpaw remains untreated using FLPI. Blood flow (  103 flux units) recorded 
over 30 min following treatment WT CD1 mice were pre-treated with the selective Rho-
associated protein kinase (ROCK) inhibitor Y27632 (5mg/kg, i.p., 30 min, n=6) or vehicle 
(saline, i.p., 30 min, n=5). Blood flow data are expressed as A) area under the curve (AUC) and 
B) % maximum change in hindpaw blood flow from baseline to 0-2 min following cold 
treatment (net vasoconstriction) and from 2 min to 30 min following cold treatment (net 
vasodilatation). *p<0.05, **p<0.01, ***p<0.001 compared to respective untreated; #p<0.05, 
##p<0.01 compared to cold-treated hindpaw of mice using 2-way ANOVA followed by 





































































5.2.7 Role of myosin light chain in cold-induced vascular responses 
I have demonstrated clearly that α2C-adrenergic receptors and Rho-kinase play an important role 
in mediating the constrictor component of the cold-induced vasoconstriction in the previous 
studies. The mechanism by which Rho-kinase results in vasoconstriction is due to the inhibition 
of myosin light chain phosphatase (MLCP), which causes an increase in the phosphorylation of 
MLC, leading to an increase in contraction of the vascular smooth muscle cell (Riento and 
Ridley, 2003, Somlyo and Somlyo, 2003). In smooth muscle, MLC is phosphorylated at 
threonine 18 (Thr18) and serine (Ser19) by MLC kinase in a calcium/calmodulin-dependent 
manner, increasing myosin ATPase activity and hence, contraction of smooth muscle (Ikebe and 
Hartshorne, 1985, Tan et al., 1992). Interestingly, Rho-kinase has been reported to 
phosphorylate Ser19 of MLC in smooth muscle in vitro (Totsukawa et al., 2000). I investigated 
whether the Rho-kinase mediated MLC activation signalling pathway was involved in our cold 
study by studying the phosphorylation of MLC protein at Ser19 in hindpaw tissue samples 
collected from untreated and cold-treated hindpaws at the net vasoconstriction phase which is 2 
min following cold treatment.  
Our results showed that there was an increase in phosphorylation of MLC in cold-treated when 
compared to untreated-hindpaw tissue samples (Figure 5.8A) and furthermore, a significant 
increase is noted in the ratio of phosphorylated MLC against total MLC (p<0.001, n=3, Figure 
5.8B).  This cold-induced increase in phosphorylated-MLC was only observed in WT mice but 
not TRPA1 KO mice and it is worth highlighting that this increase was inhibited in TRPA1 KO 
mice (p<0.01, n=3, Figure 5.8B). There was no significant difference observed in the ratio of 
phosphorylated MLC against total MLC protein expression between untreated- and cold-treated 






















Figure 5.8 Effects of cold treatment on phosphorylated Ser19 of Myosin Light Chain 2 (p-
MLC) in hindpaw tissues of TRPA1 WT and KO mice. 
Cold-induced vascular responses in mouse contralateral hindpaw following cold water (10°C) 
immersion and ipsilateral hindpaw remain untreated. At 2 min following cold-treatment, 
hindpaw tissue samples were collected and, p-MLC at Ser19 of MLC and total MLC protein 
expression were A) determined by immunoblotting and B) analysed by densitometry relative to 
the loading control β-actin. Data denotes mean + S.E.M, n=3. ***p<0.001 compared to 
respective untreated, ###p<0.001 compared to cold-treated hindpaw of mice using 2-way 








































This chapter characterised the cold-induced vascular response by determining the profile of 
TRPA1 and the humoral mediators within the constrictor and dilator components of the 
response in mice. In order to quantify these responses separately, parameters were derived from 
the blood-flow response curve recording over the 30 min time period following local cold-
treatment in the hindpaw. The peak decrease in blood flow responses occurs immediately, at the 
period corresponding to 0 to 2 min following cold-treatment and the maximum change in blood 
flow at this time point from baseline is referred to as the net vasoconstriction. Furthermore, over 
the 30 min period the blood flow returns to baseline, with a peak increase at 30 min and the 
maximum change in blood flow at this time point from 2 min following cold treatment 
represents the net vasodilatation. The major findings from the present section using these two 
parameters are that the initial vasoconstrictor component of the cold-induced vascular response 
is dependent on TRPA1 and α2C-adrenergic receptor stimulation potentially via a Rho-kinase 
mediated MLC phosphorylation in the mouse hindpaw, whilst the dilator component is greatly 
dependent on the release of CGRP.  
5.3.1 Role of TRPA1 in the constrictor and dilator components of cold-induced vascular 
responses 
In the previous chapters, I demonstrated clearly that TRPA1 has a key role in mediating the 
cinnamaldehyde- and cold-induced vascular responses in the peripheral vasculature in vivo. 
These results highlight that TRPA1 is involved in mediating a vasodilator response, however 
the cold-induced vascular response is driven by an initial constrictor component. I have 
observed that the magnitude of the constrictor component influences the extent of the 
vasodilator response.  Since the discovery of TRPA1 by Story et al. (2003), most studies have 
shown the important role of this channel in mediating vasorelaxant effects (Bodkin and Brain, 
2011, Story et al., 2003). TRPA1 is widely expressed on sensory neurons and I showed that 
TRPA1-mediated vasodilatation is dependent on neuropeptide release. There is now increasing 
evidence showing expression of TRPA1 in non-neuronal cells (Fernandes et al., 2012) and  it 
was recently demonstrated that TRPA1 is expressed in the rat proximal and distal colon smooth 
muscle layers using qRT-PCR (Dong et al., 2010).  Interestingly, mustard oil was demonstrated 
to induce a dose-dependent increase in contractions in the isolated mouse intestine in a TRPA1-
dependent manner (Penuelas et al., 2007) and in the guinea pig ileum via the release of 
serotonin downstream of TRPA1 activation (Nozawa et al., 2009). Dong et al. (2010) further 
showed that cold stimuli (from 37°C to 12°C) induced colonic smooth muscle contractions in a 
TRPA1-dependent manner and PLC/IP3/Ca
2+
 pathway (Aarons et al., 2004, Dong et al., 2010).  




In our study, the pharmacological blockade or genetic deletion of TRPA1 gene was shown to 
decrease the constrictor component of the cold-induced vascular response. Given that the 
magnitude of the initial vasoconstriction phase correlates with the vasodilator component of the 
blood flow responses following local cutaneous cold treatment, our results clearly showed that 
in WT mice pre-treated with the TRPA1 antagonist HC030031 or in TRPA1 KO mice, the net 
vasodilatation is significantly decreased when compared to control-treated groups or in TRPA1 
WT mice. This observation suggests that there is a cross-talk between the two mechanisms 
mediating the two responses which control the cutaneous vasculature tone. Indeed, this finding 
is similar with previous studies investigating local heating by Hodges et al. (2008) where the 
inhibition of the vasoconstrictor response completely abolished the vasodilatation and they 
suggested that this is due to a noradrenaline-induced nitric oxide production by eNOS (Hodges 
et al., 2009, Cocks and Angus, 1983) 
Our primary finding in this study implies that TRPA1 receptors are present in the peripheral 
vasculature, are selectively activated by cold (10°C), which further leads to a constrictor 
response possibly via an interaction and/or involvement of the sympathetic nerve or smooth 
muscle cell in vivo.  At present, our knowledge in this study does not provide enough evidence 
to confirm whether functional TRPA1 is expressed on the sensory neuron, sympathetic nerve or 
in smooth muscle cells the vasculature of the hindpaw.  
Cooling (20°C)-induced contractions of the smooth muscle cells of the rat fundus was 
previously shown to be mediated by TRPM8 and involved activation of the Rho-kinase 
signalling mechanisms (Mustafa and Oriowo, 2005). The evidences illustrating the mechanisms 
underlying cooling-induced contraction responses have been derived from studies conducted 
with non-vascular smooth muscle cells. The inhibition of the initial vasoconstriction response 
following low to moderate cooling is thought to potentially rely on (1) blockade of transmitter 
release from vasoconstrictor nerves, (2) antagonism of adrenergic receptors, (3) blockade of 
sensory nerves (Johnson et al., 2005, Pergola et al., 1993, Yamazaki et al., 2006) or antagonism 
of TRPA1. Hence, this highlights the importance for a better understanding of this pathway to 
understand how TRPA1 mediates its vascular effects in our model. 
Furthermore, it is well established that there is a link between the Rho-kinase signalling system 
and the sympathetic nervous system, and therefore I investigated the role of the sympathetic 
nervous system in our local cold model to understand the role of TRPA1 in mediating a 
constriction response (section 5.3.3).  
 
 




5.3.2 Role of CGRP in the dilator component of cold-induced vascular responses 
As there was a significant decrease in the vasodilator component in the cold-induced vascular 
response in TRPA1 KO mice, and WT mice treated with TRPA1 antagonist HC030031 when 
compared to control, our finding suggests that TRPA1 activation is involved in mediating this 
response. It has been shown that stimulation of TRPA1 by methylglyoxal in the sciatic nerve, 
vagus nerve and paw skin can induce the release of CGRP via a TRPA1-dependent manner 
(Eberhardt et al., 2012).  CGRP has been shown in chapter 3 and 4 to have a role in our 
cinnamaldehyde- and cold-induced vascular responses in the periphery in vivo. CGRP is known 
to be a potent dilator in the microvasculature and indeed, interestingly, our results in this chapter 
strongly support this finding. I show that pre-treatment with the CGRP receptor antagonist 
BIBN4096BS causes no significant difference in the net vasoconstriction response compared to 
control-treated groups while the vasodilatation component was significantly inhibited. The 
results suggest that CGRP is not involved in mediating the constrictor response.  
However, there was a significant decrease in the dilator component of the cold-induced vascular 
response and this finding highlights the important role of CGRP in mediating the vasodilatation 
or the return of blood flow to baseline, which is important to protect against local cold-induced 
vasoconstriction. It is important to note that there was a residual effect in the vasodilator 
response following the pharmacological blockade of CGRP receptors. Hence, this result further 
implies that the other vasodilator mediators such as nitric oxide may have a role in mediating 
the vasodilator component, as shown in chapter 4. 
Indeed, it was previously shown that endogenous CGRP when released from peptidergic nerves 
innervating the rat mesenteric vascular bed could suppress sympathetic adrenergic nerve 
function and hence regulate the tone of resistance blood vessels by overriding the sympathetic 
vasoconstriction (Takenaga and Kawasaki, 1999). Moreover, activation of β2-adrenergic 
receptors in dental pulp has been shown to reduce exocytosis of neuropeptides from capsaicin-
sensitive nociceptors (Bowles et al., 2003).  This suggests that there is a possible interaction 
between the sympathetic nervous system and sensory nerves involving CGRP-induced 
vasodilatation, which controls vascular blood flow following local cold treatment. Indeed, 
sensory and sympathetic nerves are known to have a close overlapping distribution pattern 
around blood vessels in the periphery and a reciprocal trophic influence was observed following 
the denervation of either the sensory peptide- or catecholamine-containing sympathetic nerves 
(Terenghi et al., 1986). 
 




5.3.3 Effects of local cold treatment on sympathetic noradrenaline release in the 
vasoconstrictor and dilator component of cold-induced vascular responses 
The plantar, which is the glabrous surface of the hindpaw is known to be innervated by the 
sciatic nerve which consists of sensory, motor and autonomic nerve fibres (Greene, 2001). It has 
been previously reported that sympathetic denervation can reduce TRPV1-induced neurogenic 
responses in the vasculature (Xu et al., 2010). Local cooling has been reported to initiate a 
reflex increase in sympathetic output and vasoconstriction mediated by noradrenaline in the 
cutaneous vasculature (Vanhouette, 1980).  The cutaneous sympathetic neurons are important 
for regulating skin blood flow to conserve heat in a cold environment (Hales et al., 1978). It has 
been previously hypothesised that the cold-induced vasoconstriction may be due to an increased 
sensitivity of the vascular smooth muscle cells to noradrenaline (Janssens and Vanhoutte, 1978, 
Rusch et al., 1981, Gardner and Webb, 1986). I investigated the role of the sympathetic nerve in 
the constrictor and dilator component of the cold-induced vascular response by measuring the 
concentrations of noradrenaline in the hindpaw skin tissue samples collected at 2 min or 30 min 
following cold-treatment in mice.   
Moderate cooling of the skin (25°C) has been shown to release ATP, which stimulates 
purinoceptors on the sympathetic nerve terminals to facilitate the release of noradrenaline 
(Koganezawa et al., 2006). Our results showed that at the time representing the net 
vasoconstriction of the cold-induced vascular response, there was a trend towards a decrease in 
noradrenaline concentrations in the cold-treated hindpaw skin compared to untreated hindpaw 
skin tissue samples in the WT mice (p<0.05, n=7, Figure 5.3). Intriguingly, this finding was 
against our hypothesis where an increase in noradrenaline concentrations was expected in cold-
treated hindpaws during the net vasoconstriction phase (2 min post cold water immersion). 
However, this result correlates with earlier findings from Vanhouette and Verbeurren (1976), 
who showed that cooling (from 37°C to 28°C) induced a decrease in tension with a decrease in 
3
H-noradrenaline and metabolites in the cutaneous vein of dog (Vanhoutte and Verbeuren, 
1976). There is also evidence from studies of Nakamoto (1990), where plasma noradrenaline 
concentrations decreased immediately following the immersion of the hand in 5°C water for 10 
min (Nakamoto, 1990). Nevertheless, they demonstrated that during the treatment period, there 
was a peak increase in plasma noradrenaline concentrations compared to baseline levels in 
healthy subjects (Nakamoto, 1990).  
In our current model, it may be possible that the noradrenaline concentrations peak during the 
cold water immersion and this further initiates the transient rapid decrease in blood flow 
responses immediately following treatment. Noradrenaline is known to have a very short half-
life of 2 min and approximately 80-90% of the released noradrenaline undergoes re-uptake 




through the neuronal noradrenaline transporter (Esler et al., 1990) where it is repackaged into 
vesicles via monoamine transporter-2 or degraded by monoaminooxidase into its various 
metabolites (Schroeder and Jordan, 2012). Once released from the presynaptic terminals, its 
roles include activating adrenergic receptors on effector cells and stimulating presynaptic α2A- 
adrenergic receptor and α2C-adrenergic receptor to further inhibit neurotransmitter release 
(Langer, 1974, Starke, 1987, Brede et al., 2003, Hein et al., 1999). As the blood flow returns to 
baseline from 2 min following treatment, it may be possible that at this phase there is a decrease 
in noradrenaline concentrations which correlate with our findings. A decrease in noradrenaline 
release from the nerves will lead to less noradrenaline available at the local site and this 
possibility awaits direct assessment of noradrenaline or its various metabolites concentrations at 
different time intervals. In our current model, the reduction in noradrenaline levels following 
local cold treatment may result as a compensatory mechanism to protects against prolonged 
vasoconstriction. 
Nonetheless, I further investigated if the cold-induced decrease in noradrenaline release at 2 min 
following cold treatment is TRPA1 dependent. Interestingly, I showed that there was no 
significant change between untreated- and cold-treated hindpaw skin tissues in the TRPA1 KO 
mice, and this correlates well with our current in vivo results illustrating the lack of cold-
induced vasoconstriction in the TRPA1 KO mice. Our results thus suggest that these changes in 
noradrenaline concentrations following cold treatment are dependent on TRPA1 and require 
more investigation.  
I also provided evidence that there was no change in noradrenaline concentrations at 30 min 
following cold treatment in untreated- and cold- treated hindpaw tissues of TRPA1 WT and KO 
mice. Indeed, at 20 min or 40 min following immersion of the legs into 12°C water up the knee, 
there was no change in plasma levels of catecholamines (Jansky et al., 2006). Hence, I conclude 
that at 30 min following cold-treatment, as the blood flow returns to baseline and there is no 
change in noradrenaline concentrations. Hence, the normal vascular tone is restored.  
 It is important to note that our results do not provide any evidenceon the effects of local cold 
treatment on plasma noradrenaline and furthermore, sympathetic outflow is known to be 
regionalised and variable as circulating noradrenaline varies in specific vascular beds (Goldstein 
et al., 1983). It is worth studying the speed and pattern of cold-induced noradrenaline release in 
both plasma and hindpaw skin tissue sample at baseline and at different time intervals during 
and after the cold treatment to understand the role of noradrenaline in the cold-induced vascular 
response. These finding will hence provide key information when there is a peak in 
noradrenaline concentrations in local cold-treatment in the cutaneous vasculature and further 
delineate the role of noradrenaline and TRPA1 in local cold-induced vascular responses. 




5.3.4 Role of sympathetic nerves in the vasoconstrictor and dilator component of cold-
induced vascular responses 
Following from our findings with noradrenaline levels in the local cold model, I further 
investigated whether the pharmacological inhibition of the sympathetic nervous system will 
have an effect on the constrictor and dilator component of the cold-induced vascular response. 
Guanethidine is known to exert its sympathetic blockade by directly acting on noradrenaline 
transporter protein (NET) on the sympathetic nerve terminals to occupy the intracellular vesicle 
and depletes noradrenaline (Dixit et al., 1961). Using guanethidine, I showed that there was no 
significant change in the overall cold-induced vascular responses in the cold-treated hindpaw in 
the control-treated and guanethidine-treated group. However, guanethidine given at 10mg/kg 
(i.v.) was shown to decrease plantar skin blood flow responses when the left foot was cooled 
from 25°C to 10°C (Koganezawa et al., 2006). It is also known that presynaptic blockade of 
sympathetic nerves with bretylium can reverse local cooling-induced vasoconstriction in the 
cutaneous vasculature (Pergola et al., 1993). Nevertheless, our finding is in agreement with 
previous reported evidence from Honda et al. (2007) who demonstrated that cooling the air 
temperature around the left paw from 25°C to 10°C induced a reduction of skin blood flow that 
was not inhibited following the administration of guanethidine or bretylium (Honda et al., 
2007). Both drugs are known to inhibit the release of noradrenaline from the sympathetic nerve 
via depleting the nerves of noradrenaline. 
Pharmacological sympathetic denervation with guanethidine (30mg/kg, s.c.) for 4 consecutive 
days has been shown to deplete the sympathetic nerve completely and diminish both the heat 
and cold sensitisation in rats with peripheral neuropathy (Neil et al., 1991). When sympathetic 
nerves are chemically sympathectomised with guanethidine, there is a significant increase in 
saphenous nerve-induced vasodilation (Kerezoudis et al., 1993a, Kerezoudis et al., 1993b).  In 
our studies, it is possible that the lack of effect observed following guanethidine administration, 
using a dose characterised in rodents (Neil et al., 1991; Kerezoudis et al., 1993), was due to lack 
of sufficient depletion of noradrenaline in the sympathetic nerve. Furthermore, surgical 
denervation of sympathetic nerves has also been documented to require 7-10 days post-surgery 
(Zou et al., 2002; Lin et al., 2003) as confirmed anatomically with the fluorescent glyoxilic acid 
method (Furness & Costa, 1975). It would be interesting to investigate the effects of chronic 
guanethidine administration, and to anatomically confirm sufficient noradrenaline depletion in 
future studies. 
If the sympathetic nerves have a role in the cold-induced vascular response, this will involve the 
stimulation of adrenergic receptors. The non-selective α1- and α2-adrenergic receptors 
antagonist phentolamine was used in this study and our results showed clearly that there was no 




significant decrease in cold-induced blood flow responses between phentolamine-treated and 
control-treated hindpaws. Interestingly, previous studies have shown that cooling-induced 
constriction was completely blocked with phentolamine in rat cremaster skeletal muscle (Faber, 
1988). There is also in vivo evidence showing that pre-treatment with phentolamine at the same 
dose (5mg/kg) can decrease plantar skin blood flow following local cooling treatment in rats 
(Koganezawa et al., 2006). It is worth highlighting that the pharmacological blockade of 
postsynaptic α1-adrenergic receptors may still lead to spontaneous release of other 
vasoconstrictor transmitters such as ATP and neuropeptide Y (Lundberg, 1996) and hence, this 
may potentially explain the lack of inhibitory effects with phentolamine in our study.  
Our results thus far are not clear on the precise role of noradrenaline or sympathetic nerve in the 
cold-induced vascular responses. Superficial cutaneous vessels exhibit increased responsiveness 
during cooling (Gardner and Webb, 1986, Janssens et al., 1981) and there is increasing evidence 
in the literature documenting the role of α-adrenergic receptors in cold-induced responses. 
Stimulation ofα-adrenergic receptors by noradrenaline predominantly results in vasoconstriction 
which is known to be mediated by α1- and α2-adrenergic receptors in the peripheral vessels 
(Timmermans and van Zwieten, 1982). Ekenvall et al. (1988) previously showed that cold 
(20°C)-induced vasoconstriction in human finger skin was abolished after the pre-treatment 
with α2-adrenergic receptor antagonist rauwolscine (Ekenvall et al., 1988). An increase in post-
junctional α2-adrenergic receptor mediated vasoconstriction has been reported following local 
tissue cooling (Aarons et al., 2004, Faber, 1988, Flavahan et al., 1985) as it is known to have an 
increased affinity for noradrenaline. To further investigate the role of α2-adrenergic receptors in 
the cold-induced vascular responses in this study, I investigated the effects of the α2-adrenergic 
receptors antagonist yohimbine at a dose previously shown to be selective for α2-adrenergic 
receptors (van Oene et al., 1984). In agreement with previous published findings, our results 
also showed that the administration of yohimbine caused a significant decrease in the total cold 
(10°C)-induced vascular response when compared to control-treated groups. I also 
demonstrated that the constrictor component of the cold-induced vascular response was 
abolished following pre-treatment with yohimbine, with a significant decrease in the vasodilator 
component. Indeed, the inhibition of noradrenergic constriction with yohimbine induced a 
transient dilation in terminal arterioles of rat cremaster skeletal muscle in cooling (26°C) studies 
(Faber, 1988) and abolished local-cooling induced vasoconstriction in finger blood flow in 
normal subjects (Cooke and Marshall, 2005).  Altogether, our results are consistent with 
previous findings and highlight an important role of α2-adrenergic receptors in regulating 
adrenergic regulation of the cold-induced vascular responses.  
Our results thus far provide clear evidence that cold treatment causes constriction in the 
cutaneous blood vessels of the hindpaws by increasing reactivity of α2-adrenergic receptors on 




vascular smooth muscle. It is important to note that α2-adrenergic receptors are not widely 
distributed in the entire vascular system but are localised in small veins and arteries (Faber, 
1988). It is well established that there are different subtypes of α2-adrenergic receptors and there 
are previous in vitro findings which demonstrated that cold-treatment can amplify α2C-
adrenergic receptors in isolated mouse tail arteries (Chotani et al., 2000). I investigated the role 
of α2C-adrenergic receptors in our local cold model using JP1302, which has previously been 
shown to be a selective α2C-adrenergic receptors antagonist in vivo and in vitro (Sallinen et al., 
2007). Our results showed that the pharmacological antagonism of α2C-adrenergic receptors 
with JP1302 caused a significant decrease in total cold-induced vascular responses. 
Interestingly, detailed analysis of this response also provides clear evidence that there was a 
significant decrease in both the constrictor and dilator component of the cold-induced blood 
flow responses. In agreement with previous published findings, I provide evidence of the 
possible activation of α2C-adrenergic receptors in the vasculature in the hindpaw following cold 
(10°C) treatment in vivo.  
In HEK293 cells expressing α2C-adrenergic receptors, it was shown that α2C-adrenergic 
receptors are normally silent, localised predominantly in the Golgi compartment and non-
functional at ambient temperature (37°C). After cooling at 28°C, α2C-adrenergic receptors were 
distributed to the plasma membrane and allows the normal function of α2C-adrenergic receptors 
which has been speculated to be involved in thermoregulating the cutaneous circulation (Jeyaraj 
et al., 2001). The mechanisms underlying this translocation of α2C-adrenergic receptors remain 
unknown, however it has been suggested that reactive oxygen species and Rho kinase may both 
play an important role (Bailey et al., 2004). 
Moreover, tissue hypoxia during vasoconstriction may lead to an increase in mitochondrial 
reactive oxygen species (Turrens, 2003) which acts as a positive feedback to further potentiate 
the sympathetic α2-adrenergic receptors signalling mechanism. Based on our previous evidence 
in chapter 4 that superoxide was shown to play a role in the cold-induced responses, I used the 
SOD mimic tempol to investigate the involvement of superoxide on the constrictor and dilator 
component of the cold-induced vascular responses. Our results showed that there was a 
significant decrease in both components following administration of tempol when compared to 
control groups. Our results indicate clearly that as tempol reduces the accumulation of reactive 
oxygen species by increasing the conversion of superoxide to water and oxygen in addition to 
radical scavengers in the vasculature, this reduced sympathetic-induced vasoconstriction in local 
cooling. Our current finding also suggests that cold-induced vasoconstriction may involve the 
generation of superoxide. 




To confirm this finding, I measured the levels of superoxide in cold-treated and untreated-
hindpaw tissue samples at 2 min following cold treatment, which represents the net 
vasoconstriction phase of the cold-induced vascular response. Our results showed that cold 
(10°C) treatment induces an increase in superoxide generation in comparison to untreated 
hindpaws in a TRPA1 dependent manner as shown in WT mice pre-treated with the TRPA1 
antagonist HC030031 did not demonstrate an increase in superoxide levels. A similar trend was 
observed in TRPA1 KO mice, although this difference did not reach significance, which may be 
due to the small sample size. Our results here are consistent with those of Bailey et al. (2005), 
where the cell-permeable mimic of SOD myosin phosphatase targeting subunit 1 (MnTMPyP) 
was demonstrated to abolish the cold-induced increase in constrictor activity in isolated tail 
artery (Bailey et al., 2005). This response has been proposed to be mediated by α2C-adrenergic 
receptors stimulation.  
In summary, these results suggest that the constrictor component of the cold-induced vascular 
response contributes to superoxide generation, possibly in smooth muscle cells. It was 
previously suggested that an increase in reactive oxygen species activity can result in an 
increase in RhoA activity, further leading to translocation and stimulation of α2C-adrenergic 
receptors which results in cold-induced vasoconstriction (Bailey et al., 2005). I provide novel 
evidence that these changes in superoxide generation are dependent on TRPA1 and the key 
questions which remained to be answered are (1) whether the superoxide is being produced 
downstream of TRPA1 activation by the cold stimulus and (2) if RhoA plays a role in our 
model.  
5.3.5 Role of Rho associated protein kinase in the vasoconstrictor and dilator component of 
cold-induced vascular responses 
Superoxide has been suggested to induce vasoconstriction through Rho-kinase/ROCK mediated 
pathways (Jin et al., 2004). The mediator Rho-kinase is known to regulate vascular smooth 
muscle calcium sensitivity and tone. It can also be stimulated by noradrenaline or mitochondrial 
superoxide generated in response to localised cooling; this further results in the translocation of 
α2C-adrenergic receptors (Bailey et al., 2005, Somlyo and Somlyo, 2000).  
I provide novel evidence for a potential role of TRPA1-dependent increase in superoxide 
generation following cold treatment during the net vasoconstriction phase as discussed 
previously. To investigate whether Rho-kinase mediated pathways play a role in the cold-
induced vascular responses, I pre-treated mice with the selective cell permeable Rho-kinase 
inhibitor Y27632. Y27632 has been previously shown to have no effects on the modulation of 
α2-adrenergic receptors in vitro in control experiments (37°C) (Bailey et al., 2004) and 




interestingly, as expected I did not observe any change in the untreated-hindpaw blood flow 
responses in our study. Pre-treatment with Y27632 was demonstrated to cause a significant 
decrease in overall cold-induced vascular responses when compared to control pre-treated 
groups.  
Further detailed analysis of the cold-induced vascular responses showed that pre-treatment with 
Y27632 completely abolished both the net constrictor and net vasodilator response following 
cold treatment. Indeed, a similar effect was observed with administration of Y27632 in studies 
looking at local cooling (28°C)-induced constriction in addition to α2-adrenergic receptors 
stimulation in mouse tail arteries using pressure myography (Bailey et al., 2004). Bailey and 
colleagues showed that moderate cooling causes a time-dependent activation of RhoA in 
cultured cutaneous human vascular smooth muscle cells (Bailey et al., 2004). Interestingly, 
there is also in vivo evidence, which show that cooling (24°C)-induced cutaneous 
vasoconstriction is significantly reduced in human forearms following administration with 
another Rho-kinase inhibitor Fasudil (Thompson-Torgerson et al., 2007). Hence, our results 
support all these findings and provide new evidence demonstrating that cold-induced 
vasoconstriction at a lower temperature (10°C) is dependent on the generation of superoxide 
following activation of TRPA1, which further leads to activation of Rho-kinase and 
translocation of α2C-adrenergic receptors to the cell surface membrane for activation in the 
mouse hindpaws.  
5.3.6 Role of MLC in the vasoconstrictor component of cold-induced vascular responses 
Rho-kinase is known to be widely expressed in the body and it has been shown to modulate 
smooth muscle contraction in both a calcium-dependent manner where ion channels are 
possibly involved and a calcium-independent manner which involves depletion of intracellular 
calcium stores or an increase in MLC activity (Somlyo and Somlyo, 2003). Rho-kinase has been 
reported to directly phosphorylate MYPT1, which also inhibits the activity of the phosphatases. 
This in turn, increases phosphorylation of MLC and maintains vascular contraction (Somlyo and 
Somlyo, 2003). Intriguingly, Aburto et al. (1993) used spiral strips of the rabbit saphenous vein 
to shown that stimulation of high density of postsynaptic α2-adrenergic receptors using a 
selective α2-agonist, UK14304 leads to an increase in vascular tone which was dependent on an 
increase in intracellular calcium and phosphorylation of MLC (Aburto et al., 1993). Since there 
is a profound initial decrease in blood flow responses following the cold-treatment, as indicated 
by an increase in net vasoconstriction in our local cold model in the cutaneous vasculature, I 
hypothesised that there would be an increase in MLC phosphorylation at this time point.  




Our results clearly show that there was an increase in phosphorylated MLC protein during the 
net vasoconstriction period in the cold-treated hindpaws in the net vasoconstriction when 
compared to untreated hindpaws in WT mice. This result reveals that the localised cooling 
(10°C)-induced vasoconstriction is therefore mediated by the phosphorylation of MLC in the 
mouse hindpaw. I further showed that the increase in MLC phosphorylation following the cold-
treatment relies on the presence of functional TRPA1 channels, as no change was observed in 
the TRPA1 KO mice. Cumulatively, these data provide novel mechanism of how Rho-kinase 
mediated phosphorylation of MLC results in vasoconstriction in the hindpaw following cold 
treatment, which is dependent on the activation of TRPA1 channels in the mouse hindpaw.  
5.4 Conclusion 
The results from the present chapter provide a new insight into the mechanisms underlying 
cold-induced vascular responses, which was first discovered by Sir Thomas Lewis (1930). I 
thought that it was important to determine the distinct role of TRPA1 and the humoral mediators 
in mediating vasoactive response at different phases of the cold-induced blood flow responses in 
the mouse hindpaw. Using genetically modified mice and pharmacological inhibitors, I provide 
novel evidence demonstrating clearly that activation of TRPA1 on the sensory neurons drives 
the cold-induced vascular responses at 10°C. I confirmed the traditional proposed hypotheses 
that sympathetic nerves, post-junctional α2-adrenergic receptors and reactive oxygen species are 
major contributors to cold-induced vasoconstriction. I further provide novel evidence 
demonstrating clearly that local cold exposure in the mouse hindpaw causes an increase in 
intracellular superoxide production, in a TRPA1-dependent manner, which activate the Rho-
kinase/ROCK-mediated pathways and possibly mediates translocation of α2C-adrenergic 
receptors from the Golgi to the surface membrane to increase cold-induced α2C-adrenergic 
activity. Our results introduce the concept that cold-induced vasoconstriction increases the 
phosphorylation of MLC in a TRPA1-dependent manner in the mouse hindpaw. This current 
mechanism underlying the constrictor component of cold-induced vasoconstriction may be 
important in understanding the pathophysiology underlying Raynaud’s phenomenon where 
there is a prolonged increase in vasoconstriction following local cold exposure in digit areas of 
the fingers and toes of patients.  Following the initial phase of vasoconstriction, our results 
demonstrated CGRP-induced vasodilatation downstream of TRPA1 activation is essential to 
protect against local cold-induced injury. The proposed mechanisms identified in this chapter 
are illustrated in Figure 5.9. To the best of our knowledge, I are the first to demonstrate the role 
of TRPA1 as a vascular cold sensor and provided evidence that both phases of the local cold-
induced vascular responses are dependent on TRPA1.  
 






Figure 5.9 Schematic diagram of the proposed TRPA1-dependent activation mechanism 
following local cold exposureLocal cold (10C) exposure causes a transient and rapid decrease in 
blood flow (1), followed by a vasodilatation phase to bring blood flow back to baseline (2). The initial 
phase of cold-induced vasoconstriction consists of (a) activation of TRPA1 expressed on sensory neurons, 
which may further lead to the (b) activation of sympathetic neurons and mediate the release of (c) 
noradrenaline. Local cooling can also produce a hypoxic condition with (d) increased reactive oxygen 
species such as superoxide generation, which in turns induce the translocation of α2C-adrenergic receptors 
from the Golgi to the surface membrane and increase adrenergic activity in the VSMC. Superoxide can 
also activate the ROCK-mediated pathways and increase constriction via phosphotylated MLC-induced 
increase in [Ca
2+
]i. (e) Local cooling may also directly activate TRPA1 on VSMC to mediate 
vasoconstriction. The prolonged vasodilator component of the cold-induced vascular response is mediated 
by the release of CGRP downstream of TRPA1 activation of sensory neuron, which returns blood flow to 
baseline. Abbreviations: cAMP, cyclic adenosine monophosphate; p-MLC; phosphorylated myosin light 
chain; MLC-P, myosin light chain phosphatase; NA, noradrenaline; ROCK, Rho-kinase; TRPA1, 
transient receptor potential ankyrin-1; superoxide, O2; VSMC, vascular smooth muscle cell. 





































Chapter 6 – General Discussion 
6.1  Summary of results 
This study investigated the mechanisms underlying TRPA1-mediated vascular responses in vivo 
using the exogenous agonist cinnamaldehyde in the mouse ear model and a cold (10°C) stimuli 
in the mouse hindpaw. Our results provided novel evidence showing that topical administration 
of cinnamaldehyde activates TRPA1 and causes vasodilatation which is mediated by the release 
of the microvascular vasodilator CGRP, but not the tachykinin neuropeptide substance P. nNOS 
derived-nitric oxide was also shown to be involved in this response. Additionally, I 
demonstrated clearly that cinnamaldehyde-induced vasodilatation involves the participation of 
reactive oxygen species. 
This TRPA1-mediated pathway was further investigated in a cold model as TRPA1 has been 
reported to act as a cold sensor at low temperature (<17°C). An acute cold model was developed 
and characterised in the peripheral vasculature using the mouse hindpaw. Initial studies showed 
that following cold (10°C) water immersion for a 5 min period, there was an initial rapid and 
transient decrease in blood flow, followed by a vasodilatation phase where blood flow returns to 
baseline level to protect against the detrimental cold-induced vasocontriction. This cold-induced 
vascular response was shown to be primarily mediated by TRPA1 and this is the first study to 
illustrate that TRPA1 acts as a vascular cold sensor. The cold-sensitive TRPM8 channel was 
shown to be partially involved in the cold-induced vascular response. Furthermore, I provided 
clear evidence that CGRP is not involved in the initial local-cold induced vasoconstriction but 
has an essential role in mediating the vasodilator response, which is important in protecting 
against local cold-induced injury by  returning the blood flow to basal levels. 
Cold-induced vasoconstriction in our model was shown to be dependent on the (1) activation of 
Rho-kinase which increases phosphorylated MLC activity and (2) translocation of α2C-
adrenergic receptors, possibly mediated by increase in superoxide generation in this phase. 
Local cold-induced increase in superoxide generation and phosphorylated MLC in the 
vasoconstriction phase was shown to be dependent on TRPA1 activation.  
Thus, this study demonstrates an essential role for TRPA1 in mediating cold-induced 
vasoconstriction as well as subsequent dilatation and rewarming in the mouse peripheral 
vasculature. Hence, the delineation of these underlying mechanisms provides a new perspective 
into the understanding of a well-established protective mechanism for localcold-induced injury. 
 
 




6.2  Mechanisms involved in TRPA1-mediated vasodilatation using cinnamaldehyde 
Perivascular sensory neurons are known to play a key role in vascular homeostasis, and hence it 
was necessary to understand the signalling pathways involved in sensory nerve activation. 
TRPA1 is known to be expressed on a large proportion of TRPV1-expressing sensory nerves, 
where its activation causes peripheral vasodilatation (Graepel et al., 2011, Fernandes et al., 
2011). The primary focus of this study is characterising the downstream mechanisms underlying 
TRPA1-mediated vascular responses. 
6.2.1 Cinnamaldehyde activates TRPA1 and mediates neurogenic-dependent vasodilatation 
It was previously demonstrated in our group that cinnamaldehyde-mediated responses in the 
mouse hindpaw in vivo and in isolated mouse mesenteric arteries in vitro were dependent on 
TRPA1 (Pozsgai et al., 2010). This thesis has further contributed to our understanding on the 
mechanisms involved in TRPA1-mediated vasodilatation using the mouse ear model. Our 
results clearly demonstrated that cinnamaldehyde-induced vasodilatation was dependent on the 
activation of TRPA1, but not TRPV1 or TRPM8 channels. Collectively, these results 
demonstrate that cinnamaldehyde can influence blood flow in the peripheral vasculature 
mediated via TRPA1. Hence, this finding reflects the ability of cinnamaldehyde to influence 
blood flow in the peripheral vasculature solely via TRPA1. 
The microcirculation of the mouse ear is innervated by trigeminal sensory neurons, expressing 
TRPA1 (Huang et al., 2012). This thesis provided clear evidence that cinnamaldehyde involves 
a neurogenic-dependent vasodilatation, as (1) α-CGRP and β-CGRP mRNA expression 
increased following cinnamaldehyde treatment, (2) cinnamaldehyde-induced vasodilatation was 
significantly reduced in α-CGRP KO mice, and in WT mice pre-treated with CGRP receptor 
antagonist and (3) cinnamaldehyde-induced vasodilatation was significantly reduced following 
the pharmacological blockade of KATP channels through glibenclamide, a known downstream 
target of CGRP. It is evident from our study that the sensory neurons play a major role 
downstream of TRPA1 activation to elicit neurogenic-dependent vasodilatation and future 
studies examining the effects of sensory nerve denervation can confirm this finding.  
Nevertheless, I cannot exclude the potential role of cinnamaldehyde to directly influence the 
vasculature independent of sensory nerve mechanisms, for example by activating non-neuronal 
TRPA1 on keratinocytes (Atoyan et al., 2009) which also expresses β-CGRP (Hou et al., 2011). 
This concept warrants further investigation as the characteristic profiles of both non-neuronal 
TRPA1 and CGRP are at an early stage of research. Indeed, the application of cinnamaldehyde 
on keratinocytes have been shown to increase intracellular calcium level (Tsutsumi et al., 2010). 
Furthermore, keratinocytes can directly communicate with sensory neurons by possibly 




activating TRPA1 via neuromodulators or keratinocyte-derived mediators, as shown in itch 
conditions (Wilson et al., 2013). I proposed that understanding the interaction between the 
keratinocytes and sensory neuron following TRPA1 activation using co-culturing techniques, 
would assist in understanding the pathophysiology of inflammatory skin conditions such as 
psoriasis and itch.  
6.2.2 Cinnamaldehyde-induced vasodilatation is dependent on nitric oxide 
Interestingly, this project also showed that cinnamaldehyde-induced vasodilatation is dependent 
on nNOS-derived nitric oxide, without any major role for eNOS or iNOS as shown in studies 
using selective NOS inhibitors. Our emerging data here further confirms previous findings that 
nNOS plays an important role in local regulation of vasculature tone and provides clear and 
novel in vivo evidence that nNOS-derived nitric oxide participates in TRPA1-induced 
vasodilatation. However, the question that arises is whether nNOS-derived nitric oxide is 
released together with CGRP from the sensory neuron following activation of TRPA1 or by 
other non-neuronal cell types such as smooth muscle and endothelial cells where 
physiologically active nNOS was shown to be expressed. 
I conclude that CGRP and nNOS-derived nitric oxide participate in cinnamaldehyde-induced 
vasodilatation, downstream of TRPA1 activation in our model and thus, I propose that this 
mechanism may be potentially involved in the pathophysiology of headaches which are 
associated with endogenous NO metabolism. In migraine sufferers, increased CGRP release 
(Kunkler et al., 2011) and positive nNOS expression (Ramachandran et al., 2010) is located in 
tissue surrounding the trigeminal nerve associated with this pathology, where both contribute to 
the enhanced vasodilatation. Indeed, environmental irritants have been shown to activate 
TRPA1 and trigger neuronal excitation and subsequent neurogenic inflammation, contributing 
to migraine attacks (Kunkler et al., 2011, Edelmayer et al., 2012). I show a novel mechanism 
here linking TRPA1 activation with both the release of CGRP and nNOS-derived nitric oxide in 
the vasculature and this evidence adds to accumulating scientific evidence showing the role of 
TRPA1 in mediating neurogenic-dependent vascular responses. Ultimately, TRPA1 may be a 
potential new target in migraine pathophysiology. 
6.2.3 Cinnamaldehyde-induced vasodilatation is dependent on reactive oxygen species 
The previous discovery that neuropeptide-induced vasodilatation is dependent on reactive 
oxygen species generation (Starr et al., 2008) led us to investigate its role in cinnamaldehyde-
induced vasodilatation. Our studies illustrated clearly that cinnamaldehyde-induced 
vasodilatation is dependent on the generation of superoxide and hydroxyl radicals, as shown in 
studies using the membrane-permeable SOD mimic tempol and the iron chelator deferoxamine, 




respectively. However, the source of superoxide generation remains currently unknown in our 
model, although I propose that NOX2-containing NADPH oxidase and not NOX4 may be 
involved. The mitochondria may also be involved in generating superoxide following 
cinnamaldehyde application and further investigations are required to validate these hypotheses.  
There was no involvement of H2O2, but an increase in the peroxynitrite marker nitrotyrosine in 
cinnamaldehyde-induced vasodilatation was observed possibly due to an interaction between 
superoxide and nNOS-derived nitric oxide. Interestingly, I have recently shown that TRPA1 
activation by leukotriene-B4 (LTB4) can contribute to superoxide production in an itch model 
(Fernandes et al., 2013) and hence, providing further providing further evidence that reactive 
oxygen species are generated downstream of TRPA1 activation.  
This emerging novel data suggests that the activation of TRPA1 by cinnamaldehyde results in 
an increase of intracellular calcium concentrations at nerve terminals which stimulates the 
release of CGRP into the periphery and mediates neurogenic-dependent vasodilatation. 
Additionally, TRPA1 is known as a major oxidant sensor (Andersson et al., 2008, Bessac et al., 
2008) and our study further delineates that reactive oxygen species are involved downstream of 
TRPA1 activation in this proposed sensory stimulation by cinnamaldehyde. Thus, I propose that 
reactive oxygen species may be generated (1) downstream of CGRP signalling contributing to 
the vascular changes or (2) in the sensory nerve terminals or keratinocytes (Turner et al., 1998) 
via an increase in intracellular calcium downstream of TRPA1 activation. Another possible 
mechanisms may be that (3) cinnamaldehyde can initially induce reactive oxygen species 
signalling by interacting with the mitochondria (Wu et al., 2004), which in turn activates 
TRPA1 on the sensory nerve and mediates neurogenic-dependent vasodilatation. Our proposed 
mechanism of reactive oxygen species-modulated TRPA1 signalling may be relevant in 
understanding the pathophysiology underlying ischemia/reperfusion-induced injury, vascular 
permeability and itch sensation which are associated with an increase in oxidative stress. 
Furthermore, non-neuronal TRPA1 has been recently shown to be present within the rat cerebral 
vascular endothelium, localised to myoendothelial junctions and its activation using 4-HNE and 
NADPH produces TRPA1-mediated vasodilatation. This has led to the generation of endothelial 
cell-specific TRPA1 KO mice to directly test the effects of TRPA1 loss in cerebrovascular 
diseases associated with endothelial dysfunction such as stroke (Earley, 2013). It would be 








6.3  Mechanisms involved in cold-induced vascular responses 
6.3.1 Characterising a cold model in the vasculature 
Physiological human studies have described cold pain perception at low temperatures (<15°C) 
(Morin and Bushnell, 1998). A novel model of acute local cold-induced vascular responses was 
developed in our group by Dr Graepel (Graepel, 2009)and was used in this study to be able to 
investigate the potential role of TRPA1 (1) as a vascular cold (10°C) sensor in vivo and (2) to 
mediate vascular responses similar to cinnamaldehyde following activation with a cold 
stimulus. The newly developed cold model in this thesis allows quantifiable measurement of 
cold-induced vascular responses in anaesthetised mouse following local cold exposure. 
Local cold (10°C) exposure for 5 min was shown to initially result in vasoconstriction followed 
by a vasodilatation phase where the blood flow returns to baseline. Collectively, this response 
consists of both the vasoconstriction and vasodilatation component and is termed ‘cold-induced 
vascular response’ in this study. Whilst the vasoconstriction phase is generally agreed in the 
literature, there is still some confliction with using the term ‘vasodilatation’ as it can be argued 
that the second phase of the cold-induced vascular response is a reversal of the initial 
vasoconstriction. The magnitude of the vasoconstriction directs the intensity of the 
vasodilatation, where in conditions where the vessels constrict at a high level, a greater 
magnitude of vasodilatation is required to bring the blood flow back to baseline without causing 
a hyperaemic response. If a pharmacological antagonist inhibits the vasoconstriction 
component, less change in blood flow is observed at the maximum vasodilatation phase from 
the maximum constriction phase. Other terms used for the vasodilatation phase used in the 
literature are ‘rewarming’ or ‘rebound state’. The term vasodilatation was used in our study as I 
focussed on investigating the maximum increase in blood flow from the vasoconstrictor phase, 
to return blood flow to baseline.  
It is also important to note that the response observed in this study is different to the Hunting 
response in CIVD which consists of a cyclic oscillations in blood flow induced by subsequent 
vasoconstrictions and vasodilatations in the extremities during cold exposure (Lewis, 1930, 
Gardner and Webb, 1986, Daanen, 2003, Duraku et al., 2012). Cold applications can cause 
blood flow to increase either during or following exposure. In our study, I did not investigate 
the changes in blood flow responses during the active cooling phase but following the local cold 
water immersion. Our current blood flow monitoring tools do not allow simultaneous blood 
flow measurements whilst the hindpaw is undergoing cold immersion and hence, it remains 
unknown whether CIVD is present during the treatment period. However, I were able to show a 
decrease in subcutaneous skin temperature during the treatment phase. Using the previous 




knowledge and the proposed published mechanisms of CIVD, I investigated whether the axon 
reflex, sympathetic nerve or adrenergic receptors are involved in the cold-induced vascular 
response to understand the protective mechanisms underlying local cold-induced injury.  
6.3.2  Cold-induced vascular response is dependent on TRPA1 
The results initially presented in this study were assessed as area under the response curve and 
represented the changes in vascular blood flow for 30 min following local cold treatment. These 
results demonstrated conclusively that cold-induced vascular responses were dependent on 
TRPA1. This striking result supports the concept that TRPA1 is activated by cold and further 
provides novel evidence of the essential and primary role of TRPA1 as a vascular cold sensor in 
the periphery in vivo in the mouse. Surprisingly, further analysis of the cold-induced vascular 
responses, demonstrated clearly that TRPA1 is involved in the vasoconstriction phase. Our 
emerging data indicates that TRPA1 senses the temperature change from the thermoneutral 
zone, and is activated by low temperature at 10°C, mediating the cold-induced vascular 
response. When the TRPA1 gene is deleted or pharmacologically blocked, the vasoconstriction 
response was inhibited, and hence, blood flow stayed or fluctuated near basal levels and 
illustrated no significant change in the vasodilator component in our study.  
The heat sensitive TRPV1 and warm sensitive TRPV4 channels were shown to have no 
involvement in affecting cold-induced vascular responses, as expected in our model. To address 
the controversy surrounding TRPA1 as a cold sensor, I demonstrated clearly for the first time 
that TRPM8 plays a secondary role to TRPA1 in the cold-induced vascular responses. I 
conclude that cold (10°C) directly activate TRPA1 and propose that TRPM8 may potentially be 
involved in the vasodilatation responses as it was previously characterised with a temperature 
threshold of activation is >10°C.  
The question that arises from this novel finding is how TRPA1 mediates the cold-response and 
induces vasoconstriction. I can speculate that this may result following (1) the activation of non-
neuronal TRPA1 on vascular smooth muscle cells. There is evidence showing that cold (17°C)-
mediated constriction is inhibited by pre-treatment with non-selective cation channel blocker 
ruthenium red in the colon (Dong et al., 2010). However, non-neuronal TRPA1 is not as well 
characterised as neuronal TRPA1 and it remains unknown if smooth muscle cells in the mouse 
hindpaw express functional TRPA1; this requires further investigation which was beyond the 
scope of the current study,  (2) Activation of TRPA1 on sympathetic nerves may mediate 
noradrenaline release and this will be dependent on evidence showing functional TRPA1 
expression on sympathetic nerve, and increased noradrenaline levels in the hindpaw tissue in the 
vasoconstriction phase (discussed in the next section); (3) cross talk mechanisms between 




sympathetic nerves and sensory neurons as it is well established that TRPA1 is widely 
expressed on sensory neurons; (4) increased superoxide generation in a TRPA1-dependent 
manner (see section 6.3.3) or (5) activation of TRPA1 on keratinocytes and this will rely on 
investigating the role of keratinocytes as independent cold sensors. Keratinocytes are known to 
express TRPA1 and activation of TRPA1 using exogenous agonists and cold  can cause an 
increase in intracellular calcium (Tsutsumi et al., 2010). Simultaneously, TRPA1 activation on 
keratinocytes may mediate reactive oxygen species generation which may lead to downstream 
calcium-induced vasoconstriction in the effector cells. Furthermore, it is tempting to speculate 
that keratinocytes can release different mediators to activate primary afferent neurons and 
TRPA1 may also act as an essential regulator of CGRP release from keratinocytes. 
Understanding the signalling mechanisms between keratinocytes, smooth muscle cells and 
sensory neurons is necessary to determine the role of TRPA1 in mediating the cold-induced 
vascular responses.  
6.3.3 Superoxide and adrenergic receptors drives the cold-induced vasoconstriction in a 
TRPA1-dependent manner 
Following on from our evidence that TRPA1 is involved as a primary driver of the cold-induced 
vascular response, I showed that cold-induced vasoconstriction is dependent on adrenergic 
receptor activity, potentially caused by activation of α2C-adrenergic receptors on vascular 
smooth muscle cells present in the mouse hindpaw. α2C-adrenergic receptors are known to be 
silent at basal conditions near the thermoneutral zone (37°C), and are activated in the presence 
of increased superoxide generation, which is also known to increase in hypoxic conditions 
(Bailey et al., 2005). I further showed that (1) the catalysis of superoxide using tempol was able 
to suppress cold-induced vasoconstriction and illustrated clearly for the first time that (2) cold-
induced increase in superoxide levels during the vasoconstriction phase is dependent on 
TRPA1. In this study, I were able to show an association between TRPA1 activation and 
superoxide generation using two TRPA1 agonists; cinnamaldehyde and cold. Thus, I conclude 
that superoxide may be produced downstream of TRPA1 activation by cold stimulus in the 
peripheral vasculature.  
To strengthen our findings with superoxide, I also investigated the mechanism underlying 
superoxide-induced vasoconstriction of the smooth muscle cells by targeting the Rho-kinase 
mediated pathway. I demonstrated that (1) the pharmacological blockade of Rho-kinase was 
able to inhibit cold-induced vasoconstriction and (2) the cold-induced increase in 
phosphorylation of MLC, which is mediated by Rho-kinase, was dependent on TRPA1. 
Cumulatively, our novel findings here propose that local cold exposure activates TRPA1, which 
causes an increase in superoxide generation and activates Rho-kinase to phosphorylate MLC 




and/or translocate α2C-adrenergic receptors, ultimately leading to vasoconstriction in the mouse 
hindpaw (Figure 5.9). It is also important to note that both superoxide and noradrenaline are 
known to stimulate the Rho-kinase pathway.  Since a direct link between noradrenaline and 
cold-induced vasoconstriction was not observed in the current study, it can be speculated that 
superoxide is activating this pathway, but the role of noradrenaline cannot be excluded. 
It has previously been shown that the catalysis of superoxide reduces cold-induced injury in the 
hind leg of rabbits (Das et al., 1991) and vasogenic brain oedema (Ikeda et al., 1990, Ando et 
al., 1989). Our pathway illustrating the link between cold-induced TRPA1 activation and 
superoxide generation may be relevant in understanding the pathophysiology of prolonged 
environmental cold-induced injury which is characterised by oxygen-derived free radicals. 
6.3.4 Role of vasodilators in the cold-induced vascular response 
The vasodilatation phase of the cold-induced vascular response is important as it returns blood 
flow back to baseline to prevent cold-induced injury. Since I presented evidence supporting the 
role of TRPA1 as a vascular sensor, I further investigated the effects of pharmacological 
blockade of the mediators involved downstream of TRPA1 activation.  
The role of the sensory axon reflex in mediating cold-induced responses has been previously 
proposed and remains debatable with conflicting evidence in the literature. I addressed this issue 
by demonstrating that the pharmacological blockade of (1) sodium channels using local 
anaesthetics, (2) substance P NK1 receptors using SR140333 and (3) CGRP receptor antagonists 
using CGRP8-37 or BIBN4096BS significantly reduced the cold-induced vascular response. This 
is the first study to clearly illustrate the involvement of a sensory neuron-dependent 
vasodilatation in cold-induced vascular responsein the mouse vasculature. 
Although α-CGRP is known to have potent microvascular vasodilator properties, I provide 
novel results showing that cold-induced vascular responses were independent of α-CGRP but 
dependent on β-CGRP, using BIBN4096BS in α-CGRP WT and KO mice. Although the role of 
β-CGRP in vasoactive responses is not as well characterised as α-CGRP, I present clearly that 
there was an upregulation of β-CGRP mRNA in α-CGRP KO mice. In fact, our study confirms 
the vasodilator nature of CGRP as I demonstrated clearly that BIBN4096BS had no effect in 
inhibiting the cold-induced vasoconstriction, but inhibited the vasodilatation phase. CGRP is 
thus being demonstrated here to have a protective role in preventing cold-induced injury. The 
questions that arise are (1) whether CGRP is released downstream of sensory neuron stimulation 
by TRPA1 activation (2) if CGRP is released from a non-neuronal source such as keratinocytes 
(Hou et al., 2011) or (3) whether the sympathetic-sensory coupling pathway is involved in 
mediating the vasodilator component in the cold-induced vascular response. Previous studies 




have shown that CGRP can dose-dependently increase cAMP accumulation and inhibit 
noradrenaline-induced IP3 production and calcium mobilisation. This further leads to a decrease 
in phosphorylation of MLC protein and subsequently inhibits muscle contraction in a dose-
dependent manner (Yousufzai and Abdel-Latif, 1998). Furthermore, both noradrenaline and the 
neuropeptide substance P are released simultaneously from the sympathetic and sensory nerves, 
respectively following cold stimulation, and as the noradrenaline sympathetic response occurs 
faster this results in vasoconstriction (Ochoa et al., 1993). However, the noradrenaline response 
is shortly diminished by its re-uptake into the nerve terminals and decreased neurotransmitter 
release by negative feedback through the pre-synaptic α2-adrenergic receptors, while the 
vasodilator response through sensory-mediated release of neuropeptides such as substance P and 
CGRP, is maintained for longer, hence dominating the vascular response, resulting in the re-
warming/vasodilatation phase. This suggests a cross-talk between sympathetic and sensory 
nervous system whereby CGRP-containing sensory nerve fibres could play an important role in 
regulating vascular smooth muscle function. 
In support of the earlier proposed CIVD theory by Aschoff (1944) that an unknown vasodilator 
such as nitric oxide is involved, in this study I demonstrated that nitric oxide has a prominent 
role in cold-induced vascular responses. Whilst a selective eNOS inhibitor is unavailable, I 
showed that the thermosensitive iNOS might have a partial role in cold-induced vascular 
responses. Furthermore, pre-treatment with the neuropeptide receptor antagonists and the nNOS 
inhibitor completely abolished the cold-induced vascular response. I conclude that neuropeptide 
and nNOS-derived nitric oxide mediate their vasodilator effects downstream of TRPA1 
activation and this mechanism is important in mediating the recovery of normal blood flow 
following the initial constrictor response to local cooling to protect against local cold-induced 
injury. This response may be relevant to painful conditions in peripheral vascular diseases such 
as Raynaud’s disease.  
6.3.5 Clinical relevance to diseases: local cooling and Raynaud’s disease 
Raynaud’s disease is known to be more prevalent in women than men, where there are 10 
million patients with Raynaud’s in UK, and 2% of the adult population worldwide (NHS, 2013, 
Goundry et al., 2012). Raynaud’s disease is multifactorial and complex with both vascular and 
neural abnormalities (Roustit et al., 2011), characterised by a loss of cold-induced reflex 
vasodilatation (Brain et al., 1990) and CGRP-containing nerve fibres (Bunker et al., 1990). A 
severe restriction of blood supply in the vasculature can lead to higher risk of causing 
complications such as frostbite in extreme cold conditions. Although various pharmacologic 
(calcium channel blockers and phosphodiesterase V inhibitors) and invasive therapies have been 
studied to treat the symptoms of Raynaud’s disease, no specific treatments are currently 




approved by the U.S. Food and Drug Administration (Landry, 2013, Herrick, 2013). There is a 
current need to understand the underlying mechanism of the symptoms of Raynaud’s disease, 
with a focus on factors such as reduced in local blood supply in the peripheral vasculature.  
Recent studies in our group have demonstrated that TRPA1 can play a critical role in mediating 
chronic pain associated with CFA-induced monarthritis in the mouse knee joint (Fernandes et 
al., 2011). All the pathways investigated in our current project have been linked with Raynaud’s 
phenomenon. Local cold exposure leads to exaggerated vasoconstriction and ischemia 
reperfusion injury in the cutaneous vasculature and the main causes of this response has been 
attributed to activation of sympathetic nervous system, modulation of the expression of post-
junctional α2-adrenergic receptors, diminished release of CGRP and endothelial dysfunction 
with depressed or limited dilating action of nitric oxide (Cooke and Marshall, 2005). 
Interestingly, the administration of CGRP was shown to increase blood flow in Raynaud disease 
patients (Bunker et al., 1993), however it is important to note that the side effects experienced 
by these patients included flushing, diarrhoea, headache and mild hypotension. 
Considering the conclusive finding in our current study that TRPA1 plays a primary role in 
cold-induced vascular response, it is tempting to suggest that the pharmacological blockade of 
TRPA1 may reduce cold-induced vasoconstriction in Raynaud’s phenomenon. However, it may 
also be worth investigating whether the topical application of a TRPA1 agonist at a sub-
maximal dose can reverse cold-induced vasoconstriction in digit areas of the fingers and toes. 
This will rely on investigating the role of TRPA1 in terms of expression and function in the 
pathophysiology of Raynaud’s disease. 
Furthermore, the airway is also known to be susceptible to temperature changes, as fluctuations 
in ambient temperature and cold weather has been reported to be a major environmental factor 
that worsens existing asthma conditions (Butcher, 2006).  Cold air exposure can result in 
respiratory responses such as cough, bronchoconstriction and mucosal secretion  (Koskela, 
2007) and skin cooling can produce mild airway obstruction in asthmatic patients (Skowronski 
et al., 1998).  TRPA1 is expressed on the vagal sensory nerves innervating the mouse airways 
and cinnamaldehyde inhalation was shown to elicit strong central-reflex changes in breathing 
pattern in vivo(Nassenstein et al., 2008). Indeed, 15.3% of the bronchopulmonary receptors can 
be activated by cold (8°C) in an ex vivo rat lung preparation (Zhou et al., 2011). In our study, I 
showed that activation of TRPA1 with cinnamaldehyde and cold can mediate neurogenic-
dependent vascular processes with an interaction of nerves and vessels, which may be relevant 
in understanding the pathophysiology of airway inflammatory diseases. 
 




6.3.6 Study limitations, practical considerations and future directions 
This project used both a two-channel laser Doppler flowmeter and FLPI to study blood flow 
non-invasively in the mouse ear and hindpaw, respectively. Whilst the laser Doppler flowmeter 
is ideal for investigating blood flow changes in the skin microvasculature, it has limitations with 
its single point measurement. Special care was taken with the use of the optic fibre probe to 
position it on the same vessel of the ear each time, with avoidance of movements between the 
probe tip and the underlying tissue as structures other than blood cells can generate Doppler 
shifts. This is important and minimises variability in blood flow responses, as shown in 
experiments with cinnamaldehyde-induced vasodilatation in Chapter 3. The use of AUC as data 
analysis provides a measure for the magnitude of the response, allowing clear distinction 
between vehicle- and drug-treated ears with reproducible results as shown in this project. 
Increasing sample size (n=8) could further reduce variations between measurements. 
Nevertheless, this could not be employed for all experiments due to unavailability of transgenic 
mice or time limitations. The limitation in this study using laser Doppler flowmetry with 
cinnamaldehyde on the mouse ear (chapter 3) is the fact that the responses obtained is generated 
from a single point of the blood vessel of the ear and hence, does not provide a complete 
representative changes in the whole ear vasculature. A single reading may misrepresent the 
spatial heterogeneity of blood flow in the surrounding area of the ear.  In future studies, it would 
be interesting to confirm the overall change in the whole ear area with the FLPI.  
The FLPI offers a global evaluation of the blood flow responses over a larger area and avoids 
contact with the skin surface. Studies investigating cold-induced vascular responses were 
focussed on measuring blood flow in the whole area of each hindpaw (Chapter 4 and 5) with the 
FLPI. The primary limitation here consisted of proper positioning of the mice, as in the cold 
model following baseline measurement, the mice were removed for local cold treatment. Blood 
flow was not measured during the active cooling period. Following treatment, special care had 
to be taken to re-position the mice in the previous position in a small time window which 
requires training. However, the optimised methods using the FLPI allowed reproducible data to 
be obtained, as shown in this project (chapter 4 and 5). Whilst the use of AUC allowed clear 
distinction of the differences between the cold-treated and untreated hindpaw, subsequent 
analysis using the two-component analysis provided a better understanding of the different 
phases of the physiological response to local cold exposure.  The use of both the laser Doppler 
and the FLPI in both models in this study allowed each mouse to serve as its own control. In the 
mouse ear model, the response in the cinnamaldehyde-treated ipsilateral ear was compared to 
the vehicle-treated contralateral ear. In the cold model, the same principle was applied in the 
mouse hindpaw. The bilateral measurement reduced sample size in this study and is therefore 
within the principle of the 3R’s. 




 Although it is conclusive that cold (10°C) activates TRPA1 expressed on the peripheral 
vasculature, it remains unknown whether CIVD occurs during the active local cooling period in 
our model.  Future studies examining the role of TRPA1 in mediating CIVD in the active 
cooling period will be necessary to resolve confusion of this phenomenon and further contribute 
to Lewis’ findings.  
The periphery responds to less extreme cold exposure including temperature encountered in 
daily normal lifestyles (<30°C) and the functioning of the digits is determined by several 
physiological parameters such as skin temperature, which is in turn known to be influenced by 
physiological parameters (Van der Struijs et al., 2008). Our model focussed on a short local 
cooling period using a water medium and hence, an improved model investigating the effects of 
cold (10°C) air exposure over a prolonged period will be essential to understand the role of 
TRPA1 in the mechanisms underlying cutaneous temperature regulation.  
The data from the present study do not provide strong evidence to distinguish between the 
neuronal and non-neuronal function or location of TRPA1 in the vasculature, but it is evident 
from earlier studies that initial local cooling-induced vasoconstriction requires both intact 
function of the sympathetic and sensory nerve. Further studies examining sensory nerve 
denervation are required to confirm the role of neuronal CGRP in mediating the vasodilator 
component of the cold-induced vascular response to return blood flow to baseline.  However, 
sensory denervation after capsaicin treatment has been shown to cause a sharp decrease in 
CGRP-containing nerves, as expected but with an increase in sympathetic nerves and this 
evidence highlights the close overlapping distribution patterns of both nerves around blood 
vessels and indicates a close interaction between both nerve populations in the periphery 
(Terenghi et al., 1986).  
The role of TRPA1 as a cold sensor remains controversial in the literature and our current study 
addresses this controversy showing that cold (10°C) can activate TRPA1 in the peripheral 
vasculature. Interestingly, a recent study by Chen et al. demonstrated that lowering the 
temperature in steps (from 24 to 8°C) evoked progressively larger calcium influx in HEK293-F 
cells expressing mTRPA1 and rTRPA1 but not hTRPA1 and rhTRPA1 (Chen et al., 2013). 
These data suggest that cold activates rodent but not primate TRPA1 and hence, raises concerns 
on extrapolating our findings in rodents to humans, because of the lack of cold sensitivity of 
hTRPA1. Indeed, rodents have been used as the default species in TRPA1 research and drug 
discovery, with the availability of selective TRPA1 antagonists and TRPA1 KO mice (Bautista 
et al., 2006, Kwan et al., 2006, McNamara et al., 2007). Species-specific differences have been 
a major difficulty in TRPA1 research and drug discovery (Chen and Kym, 2009). Since rhesus 
monkey and human TRPA1 channels share a similar pharmacology profile (Bianchi et al., 2012, 




Chen et al., 2013), it would be interesting to use non-human primates to further investigate the 
effects of (1) cold on primary cultured DRG neurons in vitro and (2) local cooling on peripheral 
blood flow to validate the role of TRPA1 as a cold sensor and subsequently, confirm findings 
on the role of rhTRPA1 as a cold sensor.  
Nevertheless, on a positive note there is increasing clinical evidence suggesting that TRPA1 is 
important for cold pain sensation in humans. Kremeyer et al. (2010) showed a gain-of-function 
mutation in TRPA1 causes familial episodic pain syndrome which is characterised by episodes 
of debilitating upper body pain. The mutant TRPA1 channels have a normal pharmacological 
profile with altered biophysical properties at normal resting potentials (Kremeyer et al., 2010). 
Moreover, the non-synonymous genetic variant E179K of hTRPA1 gene was shown to induce 
paradoxical heat sensation in neuropathic pain patients which carry the Lys-179 variant (Binder 
et al., 2011). HEK cells expressing the variant Lys-179 TRPA1 are not activated by cold (4°C). 
These findings suggest that variations in the TRPA1 gene can alter pain perception in humans 
and hence, TRPA1 antagonists may be a useful therapy for pathological pain conditions.  
6.3.7 Conclusion 
It is well established through the studies of Lewis, Daanen, Johnson, Kellogg, Flavahan and 
Bailey that the reflex control of cutaneous blood in response to local cooling is accomplished 
through both efferent vasoconstrictor and vasodilator pathways. This thesis highlights the 
complex combination of the autonomic and sensory neuron-induced responses underlying the 
microvasculature in response to local cold exposure. An important aspect of this PhD project 
has been to address the controversial issue underlying the role of TRPA1 as a cold sensor and to 
introduce the concept that cold (10°C) can activate TRPA1 in the vasculature which drives the 
cold-induced vascular response. This initially consists of neurotransmitter release such as 
noradrenaline and/or generation of superoxide, adrenergic receptor translocation, and vascular 
smooth muscle cell contraction in the cutaneous vasculature. On the other hand, stimulation of 
TRPA1 presumably on the sensory neurons mediates the release of the potent microvascular 
vasodilator CGRP which is involved in reducing the α2C-adrenergic receptor-mediated 
vasoconstriction, by relaxing blood vessels and returning blood flow to baseline. This TRPA1-
mediated vasodilator response is important to protect against local cold-induced injury. Hence, 
this thesis has provided a new perspective into the understanding of the mechanisms underlying 
the well-established protective response for local-cold injury that has been studied for the last 
80 years. 
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